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Abstract 
 
The main goal of this thesis is to make a detailed lithostratigraphic map of Gressholmen, 
Rambergøya, Heggholmen and Bleikøya, using an improved topographical database.  
 
Upper Ordovician to Lower Silurian sediments are present within the study area, and are 
involved in a macroscopic anticline, called the Gressholmen anticline. This anticline is 
bordered to the NW by the Skipsløpet syncline, with another anticline, the Hovedøya 
anticline, is located still further to the NW. Eighteen different lithostratigraphic units and 
three types of intrusions have been mapped out in the study area. 
 
The structural geology of the study area reflects deformation of a heterogeneous material 
undergoing progressive deformation. To understand the kinematic evolution of the 
Gressholmen anticline it is important to understand the various structures observed within 
the study area, and what has happened to the heterogeneous material of variable orientations 
during different stages in the progressive deformations. 
 
Four deformation stages connected to the study area are identified: Firstly early contractional 
faults with flat-ramp geometry, secondly active buckling, thirdly cleavage development 
followed by the Upper Paleozoic Oslo Rift.  
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1. Introduction 
 
1.1 Purpose of study 
The main goal of this study is to study the geometry and structural development of 
Caledonian folds and faults at Gressholmen, Rambergøya, Heggholmen and Bleikøya, inner 
Oslofjord (Fig. 1.1).  
The geology of the inner Oslofjord has been fairly well known since 1882 when the area was 
mapped by Brøgger (1882). He described the main fold and faults structures and divided the 
stratigraphy of the Lower Paleozoic into “etagerne”. In the more recent years work on the 
biostratigraphy and sedimentology has been carried out by Brenchley and Newall (1975, 
1977, 1980), Brenchley et al. (1979) and Owen et al. (1990). Based on this work a modern 
subdivision of the Ordovician deposits was presented by Owen et al. (1990).  
Relatively little attention, however, has been given to the Paleozoic Caledonian structures on 
Gressholmen, Rambergøya, Heggholmen and Bleikøya, although Morley (1983, 1986a, 
1986b, 1987, 1994) has carried out detailed structural investigation in the Slemmestad – 
Asker area father to the west and towards the hinterland.  
The purpose of this study is to: 
1.) Make a detailed lithostratigraphic map of Gressholmen, Rambergøya, Heggholmen 
and Bleikøya, using an improved topographical database. 
2.) Describe the geometry of fold and thrust structures present on the islands.  
3.) Try to develop a kinematic model for the development of deformation structures 
present on the islands. 
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Figure 1.1: (a) Map over Norway. b) Map over inner Oslofjord, were study area is situated 
inside the red square. The inner N-S trending Oslofjord is situated about 60º N in south-
eastern part of Norway, near city of Oslo. Gressholmen, Rambergøya and Heggholmen 
have been connected to one island by filling compound. Maps are taken from NGU (2012) 
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1.2 Material, Methods and Terminology 
1.2.1 Equipment and methods used 
Field work was carried out in a traditional way, with topographic maps and compass. GPS 
was not needed, due to good accuracy of the geographic database. The study area is easily 
accessible by boat from Vippetangen (c. 15 minutes). Mapping was conducted during the 
summer and spring of 2011.   
During the field work a Silva Expedition 15 Compass was used to measure strike/dip of 
surfaces and trend/plunge of linear features (fold hinges and lineation). The right hand rule 
was applied when collecting planar data, which means dip always, are to the right when 
looking to the strike direction. No sampling was conducted, due to protection. 
The software package Arcgis was used to digitalize the field map and cross sections. The 
program Arcmap allowing the user to visualize and edit maps, and gives the opportunity to 
put in all orientation data, as bedding planes, fold axis, contacts and faults. In addition, 
Arcmap have a layout mode where a finished map can be made for printing or exporting.  
To statistically process and display measurements of bedding, cleavage and faults collected 
in field, the stereographic program GeoOrient (Holcombe, 2011) version 9.5.0 was used. 
GeoOrient lets the user display measurements such as strike and dip of bedding and faults 
and lineation. The program can also calculate the trend and plunge of the axis of folding of 
the bedding planes and rotate data.  
One Cross-section was constructed for the study area, with depth-to-detachment. The 
sections were constructed perpendicular to the tectonic transport direction in the area with an 
equal horizontal scale as vertical.  If the strike of the layer was not perpendicular to the 
cross-section line, apparent dip was calculated using Equation 1.1.  
                                                       
Equation 1.1 from Groshong (2006) 
A set of local cross sections were constructed to illustrate the main structure style in various 
parts of the study area. 
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1.2.2 Terminology  
Folds 
Twiss and More (2007) define the interlimb angle as: “the angle between the tangents to the 
two fold limbs at the inflection points”. Interlimb angle describes the tightness of a fold 
(Table 1.1).  
Interlimb Angle (i) 
Gentle  180 > i  > 120 
Open 120 ≥ i > 70 
Close 70 ≥ i > 30 
Tight 30 ≥ i > 0 
Isoclinal i = 0 
 
Table 1.1 Fold classification based on Interlimb angle (i). From Twiss and More, 2007. 
Ramsay (1967) classified folds in use of orthogonal thickness, thickness parallel to the axial 
surface and inclination of the dip isogons. He divided the folds into three classes (Fig. 1.2). 
Class 1 folds are characterized by the inner fold arc curvature always exceeds that of the 
outer arc, and is subdivided into A, B and C.  In class 2 folds, curvature of the inner and 
outer arcs is equal. Class 3 folds are characterized by curvature of the inner fold arc is 
always less than that of the outer arc (Ramsay, 1967). Both interlimb angle and Ramsay’s 
(1967) classification will be used to describe folds within the study area.  
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Figure 1.2: Class 1; curvature of the inner fold arc always exceeds that of the outer arc, and is 
divided into A, B and C. Class 2; curvature of the inner and outer arcs is equal. Class 3; curvature of 
the inner fold arc is always less than that of the outer arc. From Ramsay (1967). 
 
 
Figure 1.3: Depth to detachment method. The equation is used to calculate the shortening of 
the study area. Z: depth to detachment, S: shortening, l0; initial bed length, W: fold width, 
Af: uplifted area in the anticline core and A: displaced area. Text and figure from Bulnes 
and Poblet, 1999. 
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When trying to balance a cross-section (Fig. 1.3), three important assumptions must be valid 
(Woodward et al., 1989).  
- Plane strain (Woodward et al., 1989). 
- No compaction or volume loss (Woodward et al., 1989). 
- Line-length is preserved during deformation (Woodward et al., 1989). 
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2. Geological setting of the study area 
This thesis focuses on deformation of the frontal southeastern part of the Scandinavian 
Caledonian fold and thrustbelt of Norway. The Scandinavian Caledonides orogen are 
exposed in the western part of Scandinavia (Fig. 2.3), from Finnmark in northern Norway at 
71 º N to the Oslo and Stavanger district at 59 º N. This gives a length of 1800 km in north- 
south direction and with a width up to 300 km of the fold and thrustbelt (Roberts and Gee, 
1985). 
The study area is situated in the well known Oslo Region, which includes both the Permian 
rift and the frontal part of a foreland fold and thrustbelt (Bockelie and Nystuen, 1985; 
Morley, 1986a). Oslo Region is a geological term, which refers to an area that extends for 
115 km from Langesund in south to Lillehammer in north, and covering an area of 
approximately 10 000 km² (Bruton et al., 2010).  
Within the Permian Oslo Rift, the Lower Paleozoic sediments are preserved as an about 
2000 m thick sequence. This sequence is preserved within down – dropped blocks associated 
with the crustal extension of the Permian extension (Ramberg and Bockelie, 1981; Bockelie 
and Nystuen, 1985).  
2.1 Scandinavian Caledonides  
The Scandinavian Caledonides were formed by collision of the Laurentian and Baltican 
plates following closure of the Iapetus Ocean and subsequent subduction of the Baltican 
margin underneath Laurentia in Silurian to Devonian time (Fig. 2.1) (Hossack and Cooper, 
1986; Roberts, 2003). This led to emplacement of widespread thrust sheet/nappes onto the 
Baltican plate (Gee, 1975; Roberts and Gee, 1985; Hossack and Cooper, 1986; Roberts 
2003). The different nappes are divided into lower, middle, upper and Uppermost 
Allochthons, with additional Autochthonous/Parautochthonous sedimentary cover in front of 
the orogen (Roberts and Gee, 1985; Roberts, 2003). The Lower and Middle Allochthons are 
in most publications interpreted to have been derived from Balticas western margin. The 
Upper and Uppermost Allochthons are considered to be exotic with respect to Baltica 
(Stephens and Gee, 1985, 1989; Grenne et al., 1999; Roberts, 2003; Fossen et al., 2007). 
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Rocks from the Uppermost Allochthon are by Roberts et al. (2007) and Barnes et al. (2007) 
interpreted as being derived from Laurentias eastern margin.   
The regional transport direction for the Allochthons in Scandinavian Caledonides is from 
NW towards SE (Gee, 1975; Hossack and Cooper, 1986; Bryhni and Sturt, 1985). 
Deviations from this transport direction appear locally, and are generally towards SSE in the 
Oslo area (Morley, 1994; Bruton et al., 2010).  
The Caledonian orogen is a result of numerous collisions over a time interval of around 100 
Ma, with the earliest collision at 485 Ma in the westernmost part of Fennoscandia (Robert 
and Sturt, 1980; Roberts and Gee, 1985; Hossack and Cooper, 1986; McKerrow et al., 2000; 
Bruton et al., 2010). In general, the timing of the orogeny can be divided into a early and a 
late phase, where the early phase of the orogeny is linked to arc – arc and/or arc – continent 
collisional events associated with the Taconian/Grampian orogenic phase, where the late 
continent – continent collisional event is linked to the Late Silurian/Early Devonian 
Scandian event (McKerrow et al., 2000; Roberts, 2003; Smith and Rasmussen, 2008). 
The main event for formation of the Scandinavian Orogen is designated the Scandian event 
(Gee, 1975; Roberts, 2003).  The Scandian event is the product of the oblique continent-
continent collision between Baltica and Laurentia and subduction of the Baltoscandian 
margin beneath Laurentia through Late Silurian to Early Devonian time. This period, all the 
Allochthon were involved with major nappe emplacement and rapid subduction and 
exhumation (Stephens and Gee, 1985; Roberts 2003).    
At 410-405 Ma the closure of the Iapetus Ocean was complete, and at around 400 Ma a new 
face of the orogen occurs. Due to gravity, the orogen underwent extensional collapse in the 
hinterland, which led to formation of the Devonian supra-detachment basins, remnants of 
which are seen in western-Norway today (Fossen, 1992; Andersen 1998; Roberts, 2003; 
Fossen et. al 2008). The extensional collapse in the hinterland are interpreted to have 
affected the Early Paleozoic rocks of the Caledonian foreland, and to be the main driven 
mechanism for the development of the typical foreland fold and thrust belt seen in the Oslo 
area today (Andersen et al. 1991; Andersen, 1993,1998). 
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The thrust of the south-eastern Caledonides is interpreted to be between the deformed rocks 
of Holmestrand and the undeformed rocks of Langesund (Fig. 2.2). The thrust front can be 
traced into Sweden (Morley, 1986b; Bruton et al., 2010). 
 
Figure 2.1: Paleomagnetic reconstructions from Early Ordovician to Late Silurian 
time. a) Displaying the Trondheim event. b) Taconian event. c) Closing of the 
Iapetus Ocean d) Scandian continent-continent collision. Text and figure from 
Roberts (2003). 
 
Figure 2.2: Map showing southern Norwegian Caledonides showing the thrust 
front (dotted line). Modified From Morley (1986b). 
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Figure 2.3: Geological Map over tectonostratigraphy of the Scandinavian 
Caledonides. From Gee et al. (2010) 
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2.2 Early Paleozoic stratigraphy of the Oslo Region 
The early Paleozoic sediments of the Oslo Region (Fig. 2.4) are deposited on the erosive 
Precambrian basement (Ramberg and Spjeldnæs, 1978; Nakrem and Worsley, 2007). The 
deposition of the early Paleozoic sediments took place in an epicontinental sea over most of 
the western Baltica, which slowly changes to a foreland basin setting in front of the 
Caledonian orogeny in the Late Silurian (Bjørlykke, 1974a,b; Worsley et al., 1983; Larsen 
and Olaussen, 2005).  
The early Paleozoic epicontinental basin fill were divided by Larsen and Olaussen (2005) 
into four major successions. The first succession is a southward transgression of a shallow 
marine sea, ranging in age from the Early to Middle Cambrian period. The second 
succession, ranging in age from Late Cambrian to Middle Ordovician in time, is 
characterized by a low sedimentation rate. The onset of foreland basin is the third 
succession, ranging from Late Ordovician to lower part of Silurian. This stage reflects 
incoming silt and sandstones and development of shallow marine carbonate platforms. Last 
succession of Larsen and Olaussen (2005) is the late foreland alluvial fan of the Ringerike 
sandstone.  
In Cambrian time, the global sea level rose. In the northern part of the Oslo Region, 
sandstone and conglomerate of the early Cambrian was deposited on the Precambrian 
basement. A dark succession of shale makes up the Middle Cambrian to Early Ordovician, 
namely the Alum Shale formation (Bockelie and Nystuen, 1985; Bergstrøm and Gee, 1985; 
Nakrem and Worsley, 2007). Alum shale Formation was deposited on a stable platform of 
Baltoscandian, and has a great aerial extent (Bruton et al., 2010).  
The Ordovician period is characterized by a high sea level, which in combination with a 
relatively flat surface developed typical epicontinental sea sedimentation. This led to a cycle 
of mudstone and limestone (Bjørlykke, 1974 a, b). In the Lower and Middle Ordovician 
water circulation was better than in the Cambrian, and a more grayish mudstone developed, 
locally with nodular limestones beds. Limited input of input of clastic sediments (Bjørlykke 
1975a), and deposition of calcareous mudstone with limestone nodules, limestones and 
gray/black shale are typical for this period (Bjørlykke 1975a, b; Larsen and Olaussen, 2005; 
Nakrem and Worsley, 2007). In the Middle Ordovician, the depositional environment varies 
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from place to place within the Oslo Region. There were massive limestone deposits towards 
the northern, southern and western areas, and a deeper water conditions in the Oslo-Asker 
district characterized by shale and nodular limestones beds (Nakrem and Worsley, 2007). 
In the upper part of Ordovician, a change in both rock composition and depositional 
environment occur (Bjørlykke 1974a; Brenchley and Newall, 1975, 1977, 1980; Brenchley 
et al., 1979; Larsen and Olaussen, 2005; Nakrem and Worsley 2007). The Upper Ordovician 
sequence of Oslo Region shows a continuing regression towards the Ordovician/Silurian 
boundary. The Upper Ordovician sediments differ from the Middle Ordovician with more 
sands sized clastic sedimentary input in the shale and limestones formations, and with a 
higher average sedimentation rate than for the Lower and Middle Ordovician (Bjørlykke, 
1974a). The uppermost part of Ordovician reflects thick and thin bedded calcareous and 
siliciclastic sandstones, and show a transition from an offshore environment to a high energy 
shoreline environment (Brenchley and Newall, 1975, 1980; Larsen and Olaussen, 2005). A 
hiatus occurs in the upper part of the sequence (upper part of Langøyene Formation) with 
incising channels and development of conglomerate (Spjeldnæs, 1957; Brenchley and 
Newall, 1975, 1980). The regressive event was by Spjeldnæs (1957) explained by tectonic 
activity, but Brenchley and Newall (1980) explained it by glacio-eustatic processes. 
The transition from Ordovician to Silurian reflects a transgression event, with deposition of 
deep marine mudstone and limestone in early Silurian time. In Oslo-Asker area deep marine 
mudstone of the Silurian Solvik Formation overlies the Langøyene Formation, which is 
equivalent to the shallow sea limestone of the Sælabonn Formation (Worsley, et al., 1983; 
Larsen and Olaussen, 2005).  
Into the Silurian there are a more distinctive alternations of siliclastic sediment and 
carbonates, and with a gradually transition to a non-marine and red-bed facies towards the 
Late Silurian. In Late Silurian, the fluvial sandstones of the Ringerike Group are dominating. 
These red sandstones are regarded as a foreland-basin fill from the SE-propagating thrust 
front (Worsley et al., 1983; Larsen and Olaussen, 2005; Nakrem and Worsley, 2007; Bruton 
et., al 2010).  
The Upper Ordovician stratigraphy is well exposed at the islands in the inner Oslofjord 
(Brøgger, 1887, Brenchley and Newall, 1975, 1977, 1980; Brenchley et al., 1979; Larsen and 
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Olaussen, 2005), and a more detailed description of the stratigraphy in the study area will be 
given in the chapter 3.2.  
 
Figure 2.4: Stratigraphy in the Oslo Region from Larsen and Olaussen (2005).  
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2.3 Caledonian structure in the Oslo Region 
The Lower Paleozoic sediments of the Oslo Region are situated in the Osen-Røa nappe 
complex of Lower Allochthon (Nystuen, 1981). The Lower Paleozoic sedimentary 
successions in Oslo Region have been variably deformed during the Scandian (Silurian) and 
most likely during the Taconian (Late Ordovician) phases. The variation in structural style is 
controlled by lithology and structural position within the nappe pile (Morley, 1983, 1986a, 
1987, 1994; Larsen and Olaussen, 2005; Bruton et al., 2010). The tectonic style of Oslo 
Region is interpreted to be thin-skinned, where the basal thrust is not cutting down into or 
deforming the basement (Morley, 1992; Bruton et al., 2010). The dominant orientation of 
structures within the Oslo Region is ENE-WSW, but varying orientation has been observed. 
The transport direction was mainly towards SSE, but backthrusts have been interpreted 
(Bruton et al., 2010). 
The main detachment (Osen-Røa detachment/basal thrust) lies within the black Cambrian 
Alum Shale Formation, which underlies the entire allochthonous/parautochthonous pile of 
the Oslo Region (Morley, 1986a, 1986b, 1987, 1994; Bruton et al., 2010). The Osen-Røa 
detachment is regarded as flat floor thrust, from which faults splay and ramps cut up section 
towards the foreland, making a ramp flat geometry through the Oslo Region (Morley 1986b; 
Bruton et al., 2010). The faults splaying of the sole thrust caused strong folding and 
imbrication throughout the Cambrian strata (Bruton et al., 2010). It has been regarded that 
the basal detachment dies out as a buried blind thrust at the Holmestrand - Langesund area 
(Morley 1986b; Bruton et al., 2010), and the amount of shorting decreasing from 60 % in the 
north to zero at Langesund (Morley, 1987). 
Generally, the strain intensity decreases structurally upwards from the decollement surface 
as well as towards the thrust front in the south (Bockelie and Nystuen, 1985; Morley, 1986b, 
1994). Deformation style changes both upward in the stratigraphy and laterally. Upwards it 
changes from imbricate thrust, triangle and pop-up zone to buckling in the upper sequences. 
Laterally, in a NNW-SSE directed deformation style, it pass from imbricates in the north to 
triangle and pop up zones in the south (Morley, 1986a, 1986b, 1987).  
Morley (1987) recognized two types of deformations style in Lower Paleozoic units in the 
northern part of Oslo Region above the basal thrust, with minor thrust and fault related folds 
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in the Cambro-Middle Ordovician sequence and broad buckle folds deformed the Middle 
Ordovician to Silurian sequence. He suggested therefore the presence of a bed-parallel upper 
detachment between the Cambro-Ordovician strata and the Silurian strata in the Oslo area 
(Morley, 1987).    
Morley (1986a) furthermore demonstrated that thrusts initiated in the main detachment have 
a tendency to die out in within the overlying Cambrian to mid-Ordovician rocks, and to be 
absent at the top of the Ordovician. In Morley (1986a) it is suggested that the upper 
Ordovician succession acted as a tectonic transition zone. In the Cambrian and mid-
Ordovician succession shortening was accommodating by folding and thrusting while in the 
Upper Ordovician-Silurian shortening was accommodating by buckling (Morley, 1986a, 
1987). 
Two types of folds can be recognized in the Oslo Region; folds form in trains by buckling 
and isolated fault controlled folds formed at the tips of propagating second order faults 
(Morley, 1986a, 1987). Fault controlled folds are common in the Cambrian to middle 
Ordovician stratigraphy, above this, buckling are the most common deformation style 
(Morley, 1987, 1994). In the Silurian sequence the dominant mode of shortening is by 
folding, but shortening decreasing upwards due to more component layer, such as the 
Ringerike sandstones (Morley 1986a).   
The anticlines and synclines display commonly the same wavelength and amplitude with 
increasing wavelength up-section, and Ordovician rocks commonly display fold trains rather 
than be isolated, and are commonly unbroken by larger thrusts in the Upper Ordovician 
(Morley, 1994). 
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2.4 Late Carboniferous-Permian extension 
Following Caledonian folding and thrusting of the Cambro-Silurian sediments, erosion took 
place, resulting in the development of a regionally extensive peneplane (Ramberg and 
Spjeldnæs, 1978; Larsen et al., 2007). In the Oslo Region there is a hiatus ranging in age 
from the Late Silurian to the Late Carboniferous, where the Permian sediments and volcanic 
rocks are resting directly on the Ringerike Group in the synclinals, and on older marine 
sediments in anticlines (Ramberg and Spjeldnæs, 1978; Larsen et al, 2007).   
With the final phase of the Variscan Orogen, Western Europe, a large NW-SE striking 
wrench fault systems was formed in the Late Carboniferous to Early Permian. The largest 
and northernmost is the dextral strike-slip Tornquist fault system (McCann et al., 2006; 
Ziegler et al., 2006). Extensional stress field developed north of the Tornquist fault (Fig. 
2.5), which have been linked to late stages of the Variscan orogeny and the strike-slip 
faulting of the Tornquist fault system (Heeremans et al., 1996). Both within the orogen and 
in its foreland rifts took place, in which extended to the Fennoscandian Craton. Oslo Rift 
was the northernmost and largest of these structures (Larsen et al., 2008). Latest 
Carboniferous to Middle Permian was the period for formation of the graben, leading to its 
climax in both magmatic and tectonic activity (Sundvoll et al., 1990; Heeremans et al., 1996; 
Larsen et al, 2007). The Oslo rift is characterized as a continental high - volcanic rift, and rift 
termination is set at Early Triassic (Larsen et al., 2007; Larsen et al., 2008).  
 Ramberg and Larsen (1978, In Larsen and Olaussen, 2005) divided The Oslo Graben into 
two segments (Fig. 2.5); the N-S trending southwestern Vestfold Graben and the 
northeastern NNE-SSW trending Akershus Graben, which is arranged in an en echelon 
pattern (Swensson, 1990); Larsen and Olaussen, 2005). Accommodation zone for these two 
half grabens is located around Oslo, where fault patterns join in the transfer fault of 
Kjaglidalen-krokkleiva Transfer Fault (Larsen and Olaussen, 2005). The eastern boundary of 
the Vestfold Graben is represented by the Oslofjorden Fault, with the Nesodden Fault 
Segment as the northernmost segment (Swensson, 1990).  
The Oslo Rift is characterized by its lineament pattern with an N-S to NNW-SSE and NW-
SW directed fault and dike patterns (Ramberg et al., 1977). The stress field is of a tensional 
character (vertical   ) and with a WNW-ESE directed minimum compression (  ), which is 
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in relation with the climax stage of rifting and the main extension has taken place along the 
N-S trending master faults (Sippel et al., 2010).  The total displacement along the 
Oslofjorden Fault Zone is estimated to be about 3 km (Neumann et al., 1992). 
Throughout the formation of Oslo Graben, down-faulting of the Paleozoic succession and 
underlying Proterozoic basement occur. This preserved the Caledonian foreland fold and 
thrustbelt situated in Oslo Region today. The displacement is approximately 1 km, and 
increasing toward the south (Ramberg and Bockelie, 1981).   
 
 
Figure 2.5: Left: Overview of the Western Europe, and the link to the Oslo 
Rift. Right: Overview over Graben segments and main faults of the Oslo 
Region. After Larsen et al. (2008). 
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3. Geology of the study area 
3.1 Introduction 
Upper Ordovician to Lower Silurian sediments are present in the study area, and are 
involved in a macroscopic anticline, called the Gressholmen anticline. This anticline is 
bordered to the NW by the Skipsløpet syncline, with another anticline, the Hovedøya 
anticline, is located still further to the NW (Fig. 3.1).  
The study area is reflects of two major geological events of deformation; the Caledonian 
thrusting and folding, and the Permian rifting. Eighteen different lithologically units and 
three types of intrusions have been mapped out in study area, and will be described in this 
chapter. The units are repeated at both limbs of the anticline.   
 
Figure 3.1: Simplified conceptual figure of the macroscopic folds located near and in the 
field area. The figure gives the Hovedøya anticline mapped out by Respsus (2012), and the 
Gressholmen anticline, with the Skipsløpet syncline in between. 
Twelve different formation of Upper Ordovician to Early Silurian age are present in the 
study area (Fig.3.2) (Brøgger, 1887; Worsley et al., 1983; Owen et al., 1990; Larsen and 
Olaussen, 2005). These will be described briefly below.  
The lowermost formation present is the Vollen Formation. It consists of interbedded 
limestone and calcareous shale. Neither the lower nor upper boundaries are exposed due to 
folding and faulting. However, approximately 40 m is exposed at Bygdøy (Owen et al., 
1990).  
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The stratigraphically overlying Arnestad Formation is composed of dark mudstone with thin 
limestone beds. The lower boundary is defined by the change from limestone to thick dark 
shale, with thin limestone horizon (Owen et al., 1990). The thickness of the formation is set 
to be about 22 m (Kvingan, 1986 In Owen et al, 1990).    
The lower boundary of the overlying Frognerkilen Formation is defined by an abrupt change 
from the shale dominated Arnestad formation to a rubbly limestone up to 10cm thick, which 
is passing into nodular limestones and shales upwards (Owen et al., 1990).   
The lower boundary of the Nakkholmen Formation is defined by a change from nodular 
limestone to black dark shale. Pyrite nodules and ellipsoidal nodular limestones are present 
throughout the unit (Owen et al., 1990). 
The Solvang Formation is dominated by limestone with varying amount of interbedded 
calcareous shale. The lower boundary is set at the appearance of conspicuous pyrite bands or 
by the last thick shale of the underlying Nakkholmen Formation (Owen et al., 1990).   
The Venstøp Formation is composed of dark shale, where the lower and upper boundary is 
bounded by limestone formations. In Oslo-asker there is a thin phosphoric conglomerate at 
its base. The upper part of the unit is consisting of planar limestone (Owen et al., 1990). 
The lower boundary of the Grimsøya Formation is composed of thin nodular horizons with 
rusty weathering shale, above the planar limestone of Venstøp formation. Upper part of the 
formation is composed of alternating beds of limestones and shales (Owen et al., 1990). 
The Skjerholmen Formation is composed by rusty weathering calcareous shales, calcareous 
siltstones and fine calcareous sandstones. Lower boundary of this formation is set when the 
first thick shale bed occur above the nodular limestone of Grimsøya Formation (Owen et al., 
1990). 
The lower boundary of the Skogerholmen Formation is defined by a change from the shaly 
Skjerholmen Formation to a dominated nodular limestone succession. The lower boundary is 
defined by the first continuous limestone horizon (Owen et al., 1990).   
The Husbergøya Formation is defined by Brenchley and Newall (1975). The lower 
boundary of this formation is an abrupt change from nodular limestone to a shale dominated 
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succession, and thin sand beds become more common upwards in the formation. The upper 
boundary is set above 5 m thick brown weathered sandstone (Brenchley and Newall, 1975; 
Owen et al., 1990). 
The Langøyene Formation is composed of the shales, laminated sandstone and thin 
limestones, in which is stratigraphically above the brown weathering sandstone of the 
Husbergøya Formation. This formation is diverse, but dominantly composed of sand. The 
upper boundary is composed of a 60 cm thick brown weathering sandstone/limestone 
(Brenchley and Newall, 1975; Owen et al., 1990).    
The lower Silurian Solvik Formation is composed of shales, siltstones and limestones. The 
lower boundary is marked by a sharp contact from the Langøyene Formation to a 60 m thick 
nodular limestone with overlying dark shales and siltstones (Worsley et al., 1983).  
 
Figure 3.2: Lithostratigraphic columns of the Ordovician-Silurian units in the study area. 
The given thicknesses are based on map data corrected for bedding dip. Measurements have 
been done in the least folded and deformed parts. Heggholmen is not measured, due to high 
degree of deformation.  
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Determining the right way up  
Some of the beds at the study area are vertical to overturned, and the use of “way-up” 
methods is important. The right way up of the lithostratigraphy is determine by looking at 
the primary sedimentary structure as burrows, dewatering structures and cross stratification 
(Fig. 3.3). This gives a right way up for the steeply inclined to vertically oriented beds at 
Gressholmen and Bleikøya towards N-NE, and at Rambergøya towards S-SE. The oldest 
units are therefore located at the middle of the island (anticlinal core) and younger towards 
north and south.      
 
Figure 3.3: Primary sedimentary structures. (a) Dewatering structures located at the 
Bleikøya. These structures give a stratigraphic right way up towards N-NE. (b) Dewatering 
structures located at the Rambergøya. These structures give a right way up at Rambergøya 
towards S-SE. (c) Cross-stratification from the cross bedded sandstones at Gressholmen. 
These structures give a right way up towards N-NE for Gressholmen. (d) Small scale cross-
stratification in the overturned beds at Rambergøya. The right way up here is towards S-SE. 
Compass for scale. 
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3.2 Lithostratigraphy of the Study area  
The lithostratigraphy of the sedimentary rocks in the study area is based on field observation 
and logging (Figs. 3.15 and 3.16) of Gressholmen and Rambergøya. The descriptions of the 
different units are based on observation from continuous sections along the shorelines.  
The layer normal thickness of the units has been measured from the SE limb of Gressholmen 
anticline, due to less amount of deformation and more or less constant dip of beds (Fig. 3.2).  
Limestone interbedded with calcareous shales  
This unit corresponds to the Vollen Formation following the definition by Owen et al. 
(1990).  
The lowermost unit (Fig. 3.4a) is located at the middle part of islands (anticlinal core). The 
lower and upper boundaries are not exposed in the study area. This unit consists of dense 
nodular and planar limestone, interbedded with thin gray calcareous shale. The individual 
limestone/nodular limestone are up to 8 cm thick and planar limestones are up to 2-4 cm 
thick. The interbedded calcareous shale is up to 10 cm in thickness. 
The true stratigraphic thickness of the unit of alternating shale and limestone is not possible 
to determine due to folding and faulting.   
 
Figure 4: (a) Limestone interbedded with calcareous shales. Shore section, near 
the anticlinal core. Clipboard for scale. (b) Shale and thin nodular limestone. Shore 
section at Gressholmen, near the anticlinal core. Field book for scale.  
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Shale & thin nodular limestone  
This unit corresponds to the Arnestad formation following the definition by Owen et al. 
(1990). 
The stratigraphic thickness of this unit is difficult determine, due to internal thrusting and 
folding, but it is estimated to have a thickness of about 25 m at the western part of 
Rambergøya.  
This unit is composed of dark shales, with thin rusty nodular limestone beds (Fig. 3.4b). The 
shales units are dark to light gray due to weathering. The basal part of is characterized by a 
thick dark shale with thin nodular limestone horizon, and is well exposed on the west side of 
Rambergøya. In average, the thickness of the individual shale beds is 30-50 cm; at the most 
70 cm. Nodular limestones are in average 5 cm thick. Towards the upper boundary, shale 
beds are thinning out and a higher frequency of interbedded nodular limestones and 
discontinuous planar limestone beds occur. The upper boundary is represented by a shift 
from shale dominated to limestone dominated lithology.   
Nodular limestone  
This unit corresponds to the Frognerkilen Formation following the definition by Owen et al. 
(1990). 
The stratigraphic thickness is measured to c. 10 m in the study area, with a more or less 
continuous stratigraphic thickness throughout the study area.   
The main lithologies of this unit are nodular limestone or trains of nodular limestone 
interbedded with thin shale beds (Fig. 3.5). The lower boundary of this unit is marked by a 
change from a shale dominated lithology to a dominantly nodular limestone beds 
interbedded with thin shale layers (Fig. 3.5b). The individual nodular limestone beds are up 
to 20 cm thick, where the nodular shape is still visible. Upwards there is a shift into 
dominating nodular limestone, but thin shale layers in between can be observed (Fig. 3.5a). 
The upper boundary of this unit is represented by a shift from dense nodular limestone, to 
continuous massive limestone beds with interbedded shale. This nodular limestone unit 
differs from the other limestones unit located in study area, by a higher density of nodular 
limestone. 
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Figure 3.5: Nodular limestone. (a) Upper part of unit composed of nodular limestones. (b) 
The lower boundary of the nodular limestone unit, with nodular limestone beds interbedded 
with thin shale layers. Clip board for scale.  
 
Dark shale  
This lithology is represented by two formations with the same lithologic characteristics. 
Owen et al. (1990) divided the dark shale units into the lower Nakkholmen Formation of 
lower stratigraphic level and the upper Venstøp Formation.     
These units are often strongly weathered, and form bays along the shoreline and poorly 
exposed topographic lows on land. The lithologic thickness of the lowermost unit is 
measured to be 14 m, and the stratigraphic higher unit is measured to be 8 m. 
This unit consists of dark shale (Fig. 3.6b). Within the massive shale, ellipsoidal limestone 
nodules and pyrite nodules appears at different stratigraphic levels. The limestone nodules 
can be up to 0.50 to 1 m in x-direction.  
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Figure 3.6: (a) Interbedded planar limestone and shale. Shore section at Heggholmen. Inch 
rule for scale. (b) Dark shales, with ellipsoidal limestone nodules/concretions. Shore section 
at Heggholmen Backpack for scale.  
 
Interbedded planar limestone & shale  
This lithology is represented by two units of the same lithologic characteristics, but of 
different stratigraphic level and thickness. The lower stratigraphic unit is situated above the 
nodular limestone (Corresponds to what Owen et al. (1990) defines as Frognerkilen 
Formation) and has a stratigraphic thickness of 3 m. The stratigraphic higher unit is situated 
between the dark shale units, and corresponds to what Owen et al. (1990) defines as Solvang 
Formation. Stratigraphic thickness is measured to be 12 m.   
The main lithology in this unit is continuous planar limestone beds interbedded with grey 
weathering shales (Fig. 3.6a). The planar limestone beds have an average thickness of 10 cm 
(can vary between the different beds), with a biomicrite matrix with fossil fragments. 
Thickness of the shale varies from 20 to 40 cm. The boundary between the calcareous shale 
and limestone beds is sharp.  Pyrite nodules can be observed in the shale beds. The upper 
and lower boundary is characterized with a shift to thick shale.     
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Bedded & nodular limestone  
The lower section of this lithologic unit has been defined by Owen et al. (1990) as Venstøp 
Formation, and consists of bedded limestone beds. Above the bedded limestone, Owen et al. 
(1990) define aspirate unit named the Grimsøya Formation.  
The stratigraphic thickness of the unit is 15 m in the study area, with a more or less 
continuous stratigraphic thickness throughout the study area.   
The main lithology of this unit is bedded and nodular limestone, with rusty shales in between 
(Fig. 3.7).  The lower boundary of this unit is characterized by a change from thick dark 
shale to continuous bedded limestone horizons with interbedded rusty shales, with a distance 
of an average of 8 cm between the limestone beds (Fig. 3.7a). Upward in the unit there is a 
change from bedded limestone to thin continuous nodular limestone interbedded with rusty 
shales (Fig. 3.7b). The upper boundary is set when a shift from nodular limestone to thick 
shale.  
 
Figure 3.7: Bedded and nodular limestone. (a) Lower part of the unit, with bedded 
limestones. Backpack for scale. (b) Upper part of the unit, represented by thin nodular 
limestones interbedded with rusty shales. Compass for scale. 
 
 
 
36 
 
Bedded limestone, shale, and siltstone 
This unit corresponds to the Skjerholmen Formation following the definition by Owen et al. 
(1990). 
The stratigraphic thickness of this unit is measured to be 32m at Rambergøya and 31m at 
Gressholmen, with an increasing thickness towards Heggholmen.     
The main lithologies of this unit are shale, limestone and silt to fine sandstone (Fig. 3.8a). 
The upper and lower boundaries of this unit are characterized by rusty shale above and under 
nodular limestone units.  
Above the shale dominated lower part, there are an increase of limestone, siltstone and fine 
sandstone beds toward the middle and upper part of the unit. These beds have a varying 
thickness and appearance, and are interbedded with shale. The silt to fine sandstone beds can 
range from 5 cm up to 18 cm in thickness. These beds are parallel laminated or cross-bedded 
and dewatering structures are observed.  
Discontinuous nodular limestones are often located between the silt to fine sandstone beds, 
interbedded with rusty shales. Thickness of the nodular limestone is in average of 8 cm in Y 
direction and 20 cm in X-direction.   
 
Figure 3.8: (a) Steeply dipping bedded limestone, shale and siltstones. Shore section at 
Rambergøya.  Clip board as scale.  (b)Nodular limestone in located in shore section at 
Gressholmen. Clip board for scale.    
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Nodular limestone  
This unit corresponds to the Skogerholmen Formation following the definition by Owen et 
al. (1990). 
This lithology is represented by two units of different stratigraphic levels, and is divided by a 
shaly unit in between. The lower stratigraphic nodular limestone is measured to be 18 m, and 
the higher stratigraphic nodular limestone unit is measured to be 12 m in thickness.   
Nodular limestone, siltstone and shale are the main lithology for this unit (Fig. 3.8b). The 
lower boundary of this lithostratigraphic unit is characterized by a change to nodular 
limestone interbedded with shale, with thin siltstone horizons throughout the section. The 
nodular limestone beds exceed the thickness of the shale, but shale layers can be localized 
thicker. Nodular limestone beds are sometimes densely spaced, in which they form a 
continuous bed, but the nodular shape is still visible. 
Shale with thin silt beds 
This unit corresponds to the Skogerholmen Formation of Owen et al. (1990). 
Stratigraphic thickness is measured to be 12 m at the study area.  
This unit is bounded by the underlying and overlying nodular limestone. The lower 
boundary of this unit is characterized by a change from nodular limestone to a dark shale 
dominated lithology, with interbedded siltstone bed (Fig. 3.9). In the middle part, the 
siltstone beds can range up to 29 cm in thickness. The shale is dark to grayish. The upper 
boundary is a gradually shift back to nodular limestone.  
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Figure 3.9: Shale with thin silt beds. Backpack for scale.  
 
Figure 3.10: Dark shales, containing thin silt and sand beds. (a) The lower boundary of the 
unit, with a characteristic shift from nodular limestone to black shales. Inch rule for scale. 
(b) The upper boundary, given by the yellow line. Back pack for scale. (c) The middle part 
of the unit, characterized by shale and thin silt beds. Backpack for scale.   
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Dark shales, containing thin silt & sand beds  
This unit corresponds to the Husbergøya Formation following the definition by Owen et al. 
(1990). 
The stratigraphic thickness of this unit is measured to 17 m at Rambergøya, 20 m at 
Gressholmen and 17 m at Bleikøya.  
This unit consists of dark shales with interbedded thin siltstone and sandstone beds          
(Fig. 3.10). The unit has a sharp boundary from the underlying nodular limestone, to thick 
dark shale (Fig. 3.10a). Above the homogenous thick dark shale, interbedded shale with silt 
and fine sand beds become more frequent (Fig. 3.10c). The silt to fine sand beds is from 
approximately 1 cm to 10 cm in thickness, with an increasing thickness and sand content 
towards the upper part of the unit.  
The top of this unit is set to be when thick bedded brown weathering sand/siltstone bed 
(approximately two meters, (Fig. 3.10b)). The lower and upper boundary is present in the 
entire study area.  
 
Thin and thick bedded siltstone with thin sandstone beds 
This unit corresponds to the Langøyene Formation following the definition by Brenchley 
and Newall (1975) and Owen et al. (1990). 
This unit occurs over the whole study area, but with a lower stratigraphic thickness at 
Rambergøya. The thickness is 35 m at Gressholmen and 41 at Bleikøya. At Rambergøya the 
thickness decreases to 9 meter.  
The main lithology of this unit is siltstone, but the grain size varies from clay to very fine 
sand, with locally layers of medium sand (Figs. 3.11 and 3.16). The siltstone beds are 
homogeneous throughout the unit, and have a brown weathering surface with a light fresh 
surface. The whole unit fizzles with HCl.   
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The lower boundary of this unit is set to be a under a thick bedded brown weathering 
homogenous siltstone, with the shale and sand-/siltstone units stratigraphically below. Over 
this bed, thinner - bedded siltstones with interbedded mudstone and thin fine sand layers 
occur, but further stratigraphically upwards it changes to thin-bedded homogeneous 
siltstones. Nodular limestones can be located at the lower part of the unit.  
In the middle part of the unit, a light gray fine to medium grained sandstone occurs, with 
lamination of sands. These sandstone beds erode into the underlying beds (Fig. 3.11b). Over 
this layer the sand size decreases, and tick bedded siltstone dominates the upper part of the 
unit (Fig. 3.11a, c).  
The upper boundary is set where a shift from bedded siltstones to thick bedded laminated 
sandstones.  
 
Figure 3.11:  Thin and tick bedded siltstone with thin sandstones beds. (a) Typical 
homogenous siltstone which the unit consist of. (b) Light weathering sandstone intruding the 
homogenous siltstone. (c)Shore section of the unit at Rambergøya. Clip board for scale.  
 
 
41 
 
Laminated sandstone  
This unit corresponds to the Langøyene Formation following the definition by Brenchley 
and Newall (1975) and Owen et al. (1990). 
This unit is located at Gressholmen and Bleikøya, not as a single distinguish unit at 
Rambergøya. Thickness is 17 m at Gressholmen and 16 m at Bleikøya. 
The lithology of this layer is fine to medium sandstone (Figs. 3.12 and 3.16). This unit lies 
stratigraphically above the thick and thin bedded siltstone at Gressholmen and Bleikøya. The 
sandstone is massive, with fine parallel lamination throughout the section.  
In the lower part of the unit, a 1 m thick conglomerate is observed. This conglomerate layer 
does not erode into the underlying beds, and consist of coarse grains with a fine matrix.   
Toward the upper boundary, small scale cross-stratification can be observed. The upper 
boundary is erosive.  
Cross - bedded sandstone  
This unit corresponds to the Langøyene Formation following the definition by Brenchley 
and Newall (1975) and Owen et al. (1990). 
The cross-bedded sandstone unit caps or represents the stratigraphically uppermost part of 
the section on Gressholmen and Bleikøya (Fig. 3.16), but does not appear at Rambergøya. 
The upper boundary is not exposed at study area.  
This unit lies stratigraphically above the massive laminated sandstone (Fig. 3.12), and 
consist of coarse grained cross-bedded calcareous sandstone. Base of this unit is erosive, 
were the base of the cross-bedded sandstone erode down into the underlying laminated 
sandstone. 
The sandstone is massive, with a grey weathering surface. Unit displays both poorly and 
good sorted layers, whit up to 1-2 mm well rounded quartz grains. Cross-stratification is 
most common in this massive unit, but laminations are also visible. The larger grain size is 
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located in laminated part, where they stand out with a more brownish color. The unit fizzles 
with HCl. Fossils fragments are found in this unit.   
 
Figure 3.12: Laminated sandstone to the left in the photo and cross bedded 
sandstone to the right. The boundary is erosive.  
 
Interbedded thin and thick parallel laminated sandstones 
This unit corresponds to the Langøyene Formation following the definition by Brenchley 
and Newall (1975) and Owen et al. (1990). 
This stratigraphic unit is only located at Rambergøya, and the stratigraphic thickness is 
measured to be of 44 m.  
The main lithology is fine to medium grained sandstones (Figs. 3.13 and 3.15). The base is 
set to be where the first tick bedded light weathered sandstones occur, and base is 
characterized with an increasing sand content upwards (Fig. 3.15). The first sandstone unit is 
cutting down into the underlying beds. All of the beds in this unit react with HCl.  
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The lower part is characterized with an interbedded thin sand and silt beds, where the sand 
beds increasing toward the top. The sand is fine to medium grained, with a light grey 
weathering surface and typically cut down into underlying beds. The siltstone beds have a 
brown weathering surface, and have the same characteristic as the thin and thick bedded 
siltstone with thin sandstone beds unit underneath.  
Middle and upper part of the unit is consisting of thin and thick bedded laminated 
sandstones, with locally cross-stratification. Some thin silt layers can be located. The grain 
size is upwards coarsening, where the middle part consist of fine to medium sandstone, and 
the upper part of medium sandstones. In the upper part of the unit, sandstones bed are thick 
and thin laminated, where the unit is cap by a brown weathering sandstone/siltstone.  
Three conglomerates can be recognized in this unit (Fig 3.13a, d), with a different 
composition of the conglomerate at Gressholmen. All the conglomerates cutting down into 
the underlying beds and can range to a thickness of 7 m. They are composed of large clast of 
light gray fossils and cross-stratification from the Cross - bedded sandstone, with a coarse 
grained matrix with lamination and cross lamination.  
Unit consist of plenty sedimentary structures as fine developed ripples, different trace fossils 
(burrows), load cast and mass failure structures.  
Ordovician/Silurian boundary 
The Ordovician/Silurian boundary (Spjeldnæs, 1957; Larsen and Olaussen, 2005) can be 
located at the southernmost part of Rambergøya (Fig 3.14a). It is a distinguish boundary, 
were 60 cm of a brown weathering limestone (uppermost Ordovician) and 60 cm of nodular 
limestone (Silurian) goes out to a shale and silt unit. The boundary is set to be between the 
brown weathering sandstone and the nodular limestone.  
Dark shale and thin siltstone beds  
This unit corresponds to the Solvik Formation following the definition by Worsley et al., 
1983). 
The Silurian sediments are well exposed at the southern tip of Rambergøya (Fig 3.14b). The 
main lithology of this unit is shale, with thin silt- to sandstone beds. There is a sharp 
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boundary between the 60 cm nodular limestone and the shales. The siltstone beds appear to 
increase in intensity upwards. The upper boundary is not exposed.  
 
Figure 3.13: Interbedded thin and thick parallel laminated sandstones. (a) Shore section of 
the unit, capped by grey weathering conglomerate. Backpack for scale. (b) Erosive contact 
between the conglomerate (right) and the thin and thick bedded sandstones. Clipboard for 
scale. (c) Lower boundary is set where the first sand is occurring. Approximately 4 m in 
horizontal scale (d) Conglomerate; consisting of large clast of light gray fossils and cross-
stratification from the cross-bedded sandstone. Clipboard for scale.   
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Figure 3.14: (a) The Ordovician/Silurian boundary. It is set where the black line. 
Clipboard for scale. (b) Dark shale and thin siltstone beds. Clipboard for scale.   
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Figure 3.15: Log over SW tip of Rambergøya. See text for description. 
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Figure 3.16: Log over NW tip of Gressholmen. See text for description.  
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3.3 Structural geology of the study area  
3.3.1 The main structural style of the study area  
The structural geology of the study area reflects deformation of a heterogeneous material 
undergoing progressive deformation. To understand the kinematic evolution of the 
Gressholmen anticline it is important to understand the various structures observed within 
the study area, and what has happened to the heterogeneous material of variable orientations 
during different stages in the progressive deformations. In addition, an important part of this 
chapter is to describe the differences in deformation style within the different lithologic units 
present in Gressholmen anticline. In this chapter, the structural geology will be described in 
the inferred time of development during progressive deformation.   
 
Figure 3.17: Simplified map over Gressholmen, Rambergøya, Heggholmen and Bleikøya. 
The pink lines give the interpreted axial surface traces of synclines and anticlines. The 
different cross-sections are given by black lines, for cross-section A-A’, see Appendix A.  
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Fig. 3.17 gives a simplified map over Gressholmen, Rambergøya, Heggholmen and the 
western tip of Bleikøya. The map illustrates the main structures within the study area, with 
axial surface traces and mesoscopic folds. The axial surface trace in the middle part of the 
islands represents Gressholmen anticline.  
In addition to the macroscopic Gressholmen anticline (Figs. 3.1 and 3.17), several 
mesoscopic folds and contractional faults are observed (Fig. 3.17). The mesoscopic folds are 
for the most located at the northeastern most part of the study area, at Heggholmen, where 
they appear as a fold train of anticlines and synclines. In the northernmost part of 
Heggholmen, a larger anticline-syncline par is developed, which have approximately the 
same trend as for the macroscopic anticline.  
Two larger contractional faults are observed within the study area. One is located at the 
southern part of Gressholmen, the other at the northern part of Rambergøya. The fault plane 
itself is not exposed at Gressholmen (Fig. 3.17).  
The bedding planes in the study area have an average orientation of ENE – WSW (Fig. 
3.18), with a dip towards NNW and SSE. This indicates a maximum stress axis of 
orientation NNW-SSE. The overturned anticline verging towards SSE implies a transport 
direction toward SSE.  
The contractional faults strike between NW-SE (with a mean principal orientation of 250/39, 
Fig. 3.18). Both top-to-SSE and top-to-NNW contractional faults are observed within the 
study area.  
The Permian extensional structures and intrusions post dates the Caledonian contractional 
structures, and have a trend of N-S to NW-SE. Structures representing Permian extension at 
the study are: normal faults, strike-slip faults, dikes and sills. The Permian structures are not 
the focused in this thesis, but will be briefly described and discussed.    
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Figure 3.18: Stereographic projections of all measurements of bedding and contractional 
faults. Left stereographic projection displays poles to the bedding measured within the study 
area. Right stereographic projections displays poles to contractional faults measured within 
the study area.   
 
3.3.2 Cross-sections (description) 
Cross-sections have been constructed from field observation, and are given in Fig. 3.19, with 
the location given in Fig. 3.17.  
The main cross-section A-A’ (given in Appendix C) has been constructed along Rambergøya 
and Gressholmen, perpendicular to the Gressholmen anticline. This cross section is an 
interpretation incorporating the variation in structural style seen in the different stratigraphic 
levels in the study area.  
Depth to detachment have been calculated with use of stratigraphic data collected from 
Owen et al. (1990), which gives a depth from Arnestad Formation to the Alum Shale 
Formation of 128m. Attempt to mass-balancing have been done, where the structural style of 
middle and lower Ordovician have been interpreted by use of data from Morley (1986a, 
1986b, 1994).   
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Cross section B-B’ is constructed from the western side of Rambergøya. The cross section 
indicates slightly overturned to vertical dipping beds, with about the same dip of the 
different units. One larger contractional fault is observed (Fig. 3.30), interpreted to be a 
hinterland dipping out-of-sequence thrust. Several thrusts, representing bedding parallel 
shortening, are located in the sandstone units towards SSE.  
Cross section C-C’ is based on observations at the western part of Gressholmen. The cross 
section is composed of beds dipping in a varying degree towards NNW. Top-to-SSE faults 
are observed. The latter is most likely an early formed structure.   
A larger macro-scale fault is interpreted to be present at the end of the cross section. 
Evidence for this is given by repetition of units, where older units are put upon stratigraphic 
younger units. Development of this fault will be discussed in chapter 4.6.1. 
Cross section D-D’ gives an anticline-syncline par, with some in sequence and out-of 
sequence thrust towards NNW and SSE, pair at the northern part of Heggholmen. The NNE 
limb of the anticline is interpreted to continue into the Skipsløpet syncline, whereas the SSE 
limb of the syncline continues into the Gressholmen anticline.  
Cross section E-E’ is based on observations from the eastern part of Bleikøya. The outcrops 
in this area are poor, but the sand-rich units are interpreted to be thickened due to early 
formed bedding parallel shortening. Top-to-SSE faults are observed, as are rotated 
contractional faults.  
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Figure 3.19: Cross section from study area. B-B’: Western part of Rambergøya. C-C’: 
Western part of Gressholmen. D-D’: Northern part of Heggholmen. E-E’: Eastern part of 
Bleikøya. See text for description.  
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3.3.3 Contractional faults 
Early formed contractional faults 
The early contractional faults are inferred to have been formed by bedding parallel NW-SE 
shortening when the beds were essentially subhorizontal. The main argument for interpreting 
faults as early formed, by bedding parallel shortening, is the low angle (approximately 30º) 
between bedding and faults.   
The early formed contractional faults accommodating bedding parallel shortening are present 
in the entire study area, where they are typically developed in the more component beds. The 
majority is therefore present in the competent sandstones and siltstones of the uppermost 
Ordovician of the northern and southern limb of Gressholmen anticline (equaling Langøyene 
Formation of Owen et al. (1990)). These contractional faults are as well present lower in the 
stratigraphy, where competent beds are interbedded with incompetent beds. In the 
overturned to vertical dipping beds, the faults give an indication that maximum stress (σ1) 
was orientated vertical, and therefore an assumption is given that these faults have been 
rotated by folding (Fig. 3.20).  
Faults accommodating bedding parallel shortening characteristically have a flat-ramp-flat 
geometry, where the faults cut up-section in more component sandstone to siltstone beds, 
with a flat located in incompetent silt/shale beds (Fig. 3.20). Fig. 3.20 give a simplified 
sketch of what is typical observed within the overturned beds at Rambergøya, where the 
angle between bedding and ramps are approximately 30º, and with an indication that the 
maximum stress was oriented vertical.  
Foreland directed and hinterland directed (in respect to the main transport direction for the 
study area) compressional faults are observed, with both frontal and oblique ramps. The flat-
ramp-flat geometry create a fault-bend fold or, if the fault has a tip line/point, fault 
propagation folds. The best examples of early formed contractional faults are found in Figs. 
3.21, 3.22 and 3.23. 
Structures associated with inferred early formed bedding parallel shortening observed within 
the study area are: duplexes, antiformal stack, pop-up structures, triangle structures, fault-
bend folds and fault propagation folds.   
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Figure 3.20: Conceptual figure for the early contractional faults in the overturned beds 
located at SE Rambergøya. It is a low angle (approximately 30º) between the ramps and 
bedding. The maximum compression indicated a σ1 oriented vertical. It have been therefore 
inferred that these structures have been rotated by folding.   
 
Fig. 3.21 exhibit a ramp-flat geometry, situated in interbedded thin and thick parallel 
laminated sandstones (equaling the Langøyene Formation of Owen et al. (1990)) at the SE 
limb of Gressholmen anticline. The locality is composed of thick sandstone beds, with 
interbedded siltstone/shale. The contractional fault is cutting up-section through the sand 
beds, with a flat located in thin shale to silt layers. The reference bed seems to be repeated, 
but the whole structure is not exposed due to debris and vegetation. It is assumed here that 
the fault has been rotated by later folding to a vertical orientation, and the thrust was oriented 
to the main thrust transport direction. The structure seen in left side of Fig. 3.21 inferred a 
footwall flat, footwall cut off and hangingwall cut off.  
Bedding is striking NE-SW (average strike of 057º - 248º) and has an average dip of 89 º. 
The faults follow the bedding with a NE-SW strike and a dip of 85 º. The angle between the 
faults/ramps and bedding is approximately 30º. This implies that maximum stress was 
oriented vertically.  
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The thrust were rotated around the average fold axis for the macroscopic fold of data from 
Gressholmen and Rambergøya (trend plunge of 061-13) with the assumption that the trend 
and plunge are constant throughout the study area. The rotation axis is therefore trending 
061º and plunging 13º. The rotation angle is set to be 89 º (the average dip of the beds in that 
area) anticlockwise. This gives an orientation after rotation with a strike of NW- SE to N-S 
with a dip of 26º. This orientation can indicate an oblique ramping of the contractional fault, 
which has also been observed within the location. 
Another earlier contractional fault is given in Fig. 3.22, which displays some of the same 
characteristics as above. This outcrop is located in overturned sandstone beds, same 
lithologic unit as above. Bedding is in this case striking ESE-WSW (average 245º) with an 
average dip of 60 º. The observed thrust gives an oblique ramp and a lateral ramp where both 
hinterland dipping and foreland dipping thrust are observed. The thrust are oriented WSW-
ENE, with an average dip of 60º. The geometry of the interpreted fault-bend fold in Fig.3.22 
inferring a footwall cutoff for an oblique hinterland directed fault, and hangingwall cut off 
and hangingwall flat of a foreland directed oblique fault.   
The thrust have been rotated with a rotation axis of trend and plunge of 061/13 and with a 
rotation angle of 130º anticlockwise (due to overturned beds). This results in a new strike 
towards NW-SE to E-W, with an average dip of 17 º. This implies a maximum stress 
towards NE-SW, and indicated an oblique ramping of the contractional fault.   
Fig. 3.23 shows thin and thick bedded siltstone, and displays folding and thrusting with 
angle of approximately 30º to the bedding. Right side of Fig. 3.23a) comprises part of a 
duplex, with hinterland directed faults approximately 30º to the bedding. Fig. 3.23b give a 
foreland directed thrust, which exhibit flat ramp flat geometry, with fault bend fold. Left side 
of implies a hinterland-dipping antiformal stack, with approximately 30º between bedding 
and the contractional fault.  
Bedding on this outcrop is overturned, and have a strike of NE-SW, with an average dip of 
69º. The thrust planes have the same striking as the bedding, with an average dip of 71 º. The 
thrusts where rotated around a rotation angle of 061/13 with a rotation angle of 111º 
anticlockwise (overturned beds). The new strike of beds is towards NE-SW, with an average 
dip of 37 º, this implies a NW-SE shortening direction.  
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Figure 3.21: Early contractional fault structure. Figure (a) display ramp-flat-
geometry of foreland directed and hinterland directed contractional faults, 
developing fault related folds. Red lines marks fault traces and blue lines marks 
bedding. Notebook for scale. Stereographic projections of (b) bedding (n=9) (c) 
contractional faults before rotation (n=4) (c) contractional faults after rotation 
(n=4).  
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Figure 3.22: Early contractional fault structure. Figure (a) display ramp-flat-geometry of 
oblique foreland directed and hinterland directed contractional faults, possible fault-bend 
folds. Red lines marks fault traces and blue lines mark bedding. Left side of figure (a) is 
inferred to be a cut fold propagation fold.  Stereographic projections of (b) bedding (n=13) 
(c) contractional faults before rotation (n=13) (d) contractional faults after rotation (n=13). 
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Figure 3.23: Early contractional faults. Figure (a) display a hinterland directed duplex 
structure left in the figure. Red lines marks fault traces and blue lines mark bedding. Figure 
(b) displays interpreted foreland-dipping antiformal stack and foreland directed ramps. 
Stereographic projections of (c) bedding (n=12) (d) contractional faults before rotation 
(n=10) (e) contractional faults after rotation (n=10).     
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Fold controlled faults 
The other faults observed within the study area have a lower angle, and are not depending on 
the orientation of bedding. These faults are interfered to formed later than the bedding 
parallel shortening, and to have been formed due to space problems in the core of the 
Gressholmen anticline and the related mesoscopic folds.  
These contractional faults are both observed as foreland and hinterland directed contractional 
faults, and have an average ENE-WSW strike. Some single hinterland and foreland directed 
faults are observed as single faults. 
Fold related faults can be divided into bedding parallel faults and faults with a ramp-flat 
geometry. The flat-ramp faults are for the most part present at the forelimb of the 
Gressholmen anticline or near the anticlinal core. The bedding parallel faults are observed 
throughout study area. Most of the faults measured in the study area have limited 
displacement, or displacement which is hard to determine due to debris or poor quality of 
marker beds.  
The fold controlled faults include both shallowly and steeply dipping faults, where thrust 
fronts represented by break thrust and duplexes are observed within the study area.  
 
Figure 3.24: Stereographic projections of all measurements of fold related faults. Left 
stereographic projection displays foreland directed faults and right figure displays 
backthrusts. 
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The foreland directed contractional faults strikes E-W to ENE-WSW (average strike of 251º) 
with a dip varying from subhorizontal to 60 º (Fig. 3.24). The average dip of the faults is 
measured to be 40º.  The maximum stress axis is oriented NNE-SSE, with an indication of 
transport direction towards SSE.  
The backthrust (hinterland directed thrust) is favored the fold core complexes of the folds at 
the study area, and are interpreted as fold controlled faults. Some separate backthrust is 
located at Heggholmen, but these also believed to be fold related due to space problems. In 
general, the backthrust planes (Fig. 3.24) is striking NE-SW (average strike of 042º), with 
dip from 20º to 70º towards NW (average dip of 54º). The variation of strike of the 
contractional faults can be explained by change of frontal and oblique ramps, which is 
observed in the field.   
Many of the fold controlled faults observed within the study area indicate bedding parallel 
faults, which inferred a bedding parallel slip between the beds during deformation. The 
faults have the same strike and dip as for the bedding (Fig. 3.25), and can be later folded 
and/or cut by later contractional faults. The bedding parallel faults are present in the entire 
study area, but are most prominent in the competent sandstones units, and where there is 
shift from component and incompetent layers within units. The bedding parallel faults are 
observed at both fold limb of the Gressholmen anticline,  
The best example of bedding parallel faults is given in Fig. 3.25, located at northern tip of 
Gressholmen. This contractional fault is composed of component thin and thick bedded 
siltstones. The fault is parallel with the bedding with a striking towards SE-NW (average 
strike of 237º) and dipping 51º towards NE. Slickenside lineation measured at the fault plane 
gives a mean principal direction 304º with a plunge 56 º. This indicates a tectonic transport 
of the bedding parallel fault towards SE to SSE.  Measurement throughout the study area 
give a more shift in the mean principal direction, but the average are similar with a mean 
principal direction of 304º with a plunge of 46º.    
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Figure 3.25: Bedding parallel faults located at northern tip of Gressholmen. Figure (a) 
displays the fault plane, in which is equal to the strike and dip of the bedding. Geologist is 
Hedda Aasen. Figure (b) displays slickenside lineation. Green lines give the direction. Lens 
cap as scale.  Stereographic projections of (c) bedding parallel faults (n=6) and slickenside 
lineation at the locality. (d) Slickenside lineation (n=21) within the study area. 
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Duplex structures are most commonly observed within two units; namely in the bedded & 
nodular limestone and the bedded limestone, shale and siltstone. Fig. 3.26 displays 
approximately 1 m thick duplex zone, with low-angle to high angle thrusts and reverse 
faults. This duplex zone is situated in the lowermost part of bedded & nodular limestone unit 
(equal to Grimsøya formation of Owen et.al (1990)), stratigraphic above the dark shale. 
Bedding has a strike of ENE-WSW, with an average dip of 53º. Thrusts striking E-W to 
ENE-WSW, with an average dip of 42º. Orientation of the thrust planes are approximately 
equal to for the bedding planes, but some of the thrust is given with an oblique ramp. The 
dip of the faults is varies from sub-horizontal to a dip of 60º.  
The sub-horizontal thrust (F1, Fig 3.26), is interpreted as a sole thrust, in which faults are 
splaying up-section from. The sole thrust get steeper towards SSE. The sole thrust is 
interpreted as an out-of sequence thrust, where the sole thrust cutting down in the nodular 
limestone. F2, F3, F4 and F5 are splaying form the sole thrust, and have sub-parallel fault 
plane to the bedding to out-of-sequence thrusts.  When entering the one meter thick exposed 
duplex zone, the nodular limestone beds have a steeper dip.   
The inferred duplex zone consisted of a roof thrust, which has now been eroded away (pers. 
Comm. Lars Eivind Augeland). Between two faults splaying of the sole thrust, an 
approximately 1m thick duplex zone is developed. In the duplex, small scale S-C structure 
occurs in the shale lens Fig. 3.26b, which gives dextral top to SSE transport direction (pers. 
Comm. Lars Eivind Augeland).  
Fig. 3.27 is an example of a fold related backthrust. This fault is located at the north-western 
tip of Heggholmen, and presents a contact between shale and nodular limestone (nodular 
limestone corresponding to Skogerholmen of Owen et al. (1990)). 
It has been difficult to determine the displacement of this fault, and either this is a 
lithologically contact with a low displacement fault or a fault contact. The nodular limestone 
is situated in a syncline-anticline par, probably parasitic folds of a larger anticline, where the 
NE limb is cut by a backthrust. The shale is composed of small-scale folds, which can be 
characterized as 1C folds after Ramsay’s (1967) classification. 
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The backthrust in Fig. 3.27 has a strike towards NE-SW (with an average strike of 038º) with 
an average dip of 57 º towards NE. The contractional fault is sub-parallel with the bedding of 
the nodular limestone, but cutting the small scale folding developed at the boundary of the 
limestone/shale. The fault displays a top-to-NW motion, given by slickenside measurements.  
 
Figure 3.26: (a) 1 m tick duplex zone in nodular limestone, located at Gressholmen. F1 is 
inferred to be the sole thrust. Red lines marks fault traces and blue lines mark bedding. 
Backpack for scale (b) S-C Structures located within the duplex zone, with dextral 
movement. Stereographic projections of (c) contractional faults (n=18) (d) bedding (n=4). 
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Figure 3.27: Shore section at Heggholmen. (a) Synclinal and a small scaled anticlinal in 
nodular limestone. (b) Contact between nodular limestone and shale, possible a fault 
contact. Red line gives the top-to.NNW fault plane. Stereographic projection of faults and 
slickenside lineation is given in the bottom.  
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Figure 3.28: Contractional faults. Shore section at Heggholmen. (a)  Details around the 
locality, approximately 30m of the section. (b) Schematic cross-section. Blue lines represent 
bedding and red lines represent faults. (c) Details around the left bottom of cross section, 
possible thrust front. (d) Small scale folds, cut by fault above.   
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Figure 3.29: Stereographic projections of bedding of F1 (left), fault planes (middle) and 
bedding for the locality (right) (Projection to Fig. 3.28). 
 
Fig. 3.28 gives a complex locality at the western shoreline at Heggholmen. This locality can 
possible be a thrust front (Fig. 3.28c) related to the larger anticline given in Fig. 3.37a. The 
lithology of this locality is consisting of nodular limestones (equaling Skogerholmen 
Formation of Owen et al. 1990)) and bedded siltstones, sandstones and shales (equaling 
Skjerholmen formation of Owen et al. 1990)). It is inferred to be a contractional fault 
dividing these two units.    
The locality is interpreted to compose of both early formed contractional faults and later 
developed fold related faults. The early contractional faults are represented by triangle 
structures and duplexes, given in left side of Fig. 3.28b.  
FA1 (Fig. 3.28b) is interpreted to be a contractional fault, even thou it have a NW-SE strike. 
The dip of FA1 is in average 35º. Above the fault, bedding is following the fault, and 
underneath it is cutting meso-scale folds (Fig. 3.28b). This fault can be interpreted as a 
lateral ramp, or an early contractional fault later rotated by folding.   
Below FA1 fault, mesoscopic anticline and syncline is observed (F1). These folds are cut by 
the FA1 fault. The folds have a trend towards ENE-WSW (average trend of 063º) and plunge 
of 16º, and can be classified as class 1B folds by Ramsay’s (1967) classification.  
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The general structure of Fig. 3.28 is given by backthrust with an ENE-WSW strike with dip 
of approximately 40º (Fig. 3.29). Some foreland directed thrust is also observed.   
This locality is interpreted to be located at the NNW limb of a larger anticline (given in Fig. 
3.37a), in which may be a thrust front.   
Out-of-sequence faults 
Some faults present within the study area are cutting former faults and mesoscopic fold 
trains. These faults are interfered to be out-of-sequence fault when they are cutting down-
section in the forelimb of an anticline or back limb of a syncline, and former developed 
contractional faults (Fig. 3.31f). 
The best examples of out-of-sequence faults are given in Figs. 3.30 and 3.31. Fig. 3.31 gives 
a foreland directed fault, with a sub parallel fault plane, and is located at the southern tip of 
Heggholmen. The lithology at this locality is consisting of interbedded planar limestones and 
shale unit (equals the Solvik Formation of Owen et al. (1990)), and is composed of fold train 
of four anticlines and synclines. This gives a unit thickness at this locality. The folds have a 
trend towards NE (average trend of 047º) and plunge of 17º.  
The fault plane strikes NE-SW (average strike of 241º) and dipping towards SSE with an 
average dip of 30º. The fault plane is subparallel to the bedding (bedding have an average 
strike of 259º), but cutting down in the stratigraphy (see Fig. 3.31f), and is therefore 
characterized as an out-of-sequence thrust. The fault is cutting the folds, in which is 
observed in SE part of Fig. 3.31b). 
Slickenside measurements were taken at this fault plane, with a trend and plunge of 301/31, 
in which means the overall transport direction of this fault is towards SE-SSE. The 
displacement of the fault is not measured due to lack of good marker beds, but most of them 
show limited displacement.  
Bedding parallel faults are also observed at this locality, (Fig. 3.31b; FA2), with a similar 
strike and dip as for the bedding. The bedding parallel faults are cut by the out-of-sequence 
thrust, inferring the out-of-sequence thrust was developed later than the bedding parallel 
faults.  
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An inferred out-of-sequence macroscopic (Fig. 3.30, cross section B-B’) backthrust is 
located near the Gressholmen anticlinal core. This locality is situated in nodular limestone 
(equaling the Frognerkilen formation of Owen et. al (1990)) and dark shale interbedded with 
limestone horizons (equaling the Arnestad formation of Owen et al. (1990)). The bedding 
strikes to ENE-WSW, with an average dip of 69º, the beds are overturned.  
This contractional fault cut through steeply dipping overturned beds, and is interpreted as an 
out-of-sequence fault. The hangingwall is composed of nodular limestone, where the 
footwall is composed of shale and thin nodular limestone horizons. The thrust has an oblique 
ramp (Fig. 3.30), with a strike to NE-SW and an average dip of 59º. This displays a top-to-
the NNW motion of the fault. The thrust is interpreted to follow in the strike of the bedding 
along shore line at Rambergøya due the nodular limestone a thickness decrease of the 
nodular limestone.  
The displacement across the fault is not possible to measure, but from the cross section A-
A’, displacement is set to be approximately 6 m.  
 
Figure 3.30: Backthrust inferred to be an out-of-sequence fault. The red box gives the Top-
To-NNW faults plane. Stereographic projections of bedding (top) and thrust planes 
(bottom). Backpack for scale.   
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Figure 3.31: Out-of sequence fault. (a) The SSE limb of a mesoscopic syncline is cut by a 
low angle out-of sequence fault. (b) Figure displays fault plane to the out-of sequence 
thrust, FA1. FA2 displays fault plane to a bedding parallel fault. Notebook for scale. Red 
lines marks fault traces and blue lines mark bedding. Stereographic projections of (c) 
bedding (n=42) (d) contractional faults (n=7) (e) slickenside lineation (n=5). (f) 
Conceptual figure of what observed at the locality, with cutting of an earlier formed 
anticlinal.   
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3.3.4 Folds 
The study area is situated in the macroscopic Gressholmen anticline. The limbs of this 
anticline are continuing into macroscopic synclines, making up a syncline-anticline-syncline 
par (Fig. 9). The mesoscopic folds observed are inferred to have developed prior or 
synchronously with the main folding event, and can be divided into:  
(i) Early formed related structures (Fig. 3.32a and b). 
(ii) Parasitic fold to Gressholmen anticline (Fig. 3.32c). 
The early formed structures are inferred to have form when bedding was essentially 
subhorizontal (Fig. 3.32a), and later rotated by folding. Early formed structures observed 
within the study area are fault related folds or early formed buckle folds, possible fold trains. 
These folds are observed as meso-scale, where the axial surface is not related to parasitic 
origin at the SSE limb of Gressholmen anticline (Fig. 3.32b). The early formed fold is 
usually situated in thin competent units, or in sandstones as fault-bend fold and fault-
propagation folds. 
 
Figure 3.32: Conceptual figure over folds located within the study area. (a) Early 
formed folds which later get refold. (b) Folds which not is related to parasitic 
folds. (c) Folds in which related to parasitic folds, and developed Z, S and M shape 
at outcrop.  
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Parasitic folds are related to the progressive development of Gressholmen anticline, and have 
axial surfaces which have a relation to Gressholmen anticline (Fig. 3.32c)  
From the measurements of all bedding data collected in the field area (Fig. 3.33), a regional 
fold axis is determine statistically with a trend of 059 º with a shallow plunging of  8º 
towards NE. The folds axis for all the folds observed in the study area has been determined 
statistically and are given in Fig 3.33. There is a similar orientation of the folds axis 
measured in the field, with an average trend of 058º and a plunge of 14º. This implies that 
they have been formed under the same deformation event. The interlimb angle of the folds is 
in general tight to open. Measurement of fault related folds is not taken into account in Fig. 
3.33.  
 
Figur 3.33: Stereographic projections of all measurements of bedding within the study area 
and fold axis. Left stereographic projection displays bedding measurements and right figure 
displays fold axis measurements. 
 
 
 
72 
 
Gressholmen anticline 
The interpreted geometry of the macroscopic Gressholmen anticline is given in cross section 
A-A’ (Appendix C). The macro-scale anticline is composed of component and less-
component units, where the sand content in general increases stratigraphically upwards. The 
anticline is divided into 17 lithostratigraphic units exposed at the study area, where 16 of 
them are exposed at the SE limb of Gressholmen anticline, at Rambergøya.  
Gressholmen anticline is a non-symmetrical overturned anticline. The fold goes from being 
an upright shallowly plunging fold in the SW part of the study area to be an overturned 
anticline in NE, where the SE limb is overturned. The axial surface has a dip of 
approximately 70º. 
The fold axis is statistically determined by using the bedding plane measurements from 
Gressholmen and Rambergøya (n = 338), which gives a trend of 61º and a plunge of 13º 
towards ENE.  When interpreting the fold geometry (Appendix C) the orthogonal 
stratigraphic thickness has been interpreted to be constant.  
The interlimb angle has been measured from the cross section A-A` (appendix C). The 
interlimb angle is measured to be approximately 40 º to 50º, and is characterized as a closed 
fold. This can also been seen from the stereographic projection, which gives a good 
spreading of the poles to the bedding planes. Estimated shortening from cross section (l0-w) 
of Gressholmen anticline is 470 m, which gives a shortening of 34 %.   
The wavelength and amplitude of the Gressholmen anticline and nearby synclines are 
measured from the cross section to be approximately 900 m and 200m respectively. The 
Gressholmen anticline is bordered to the NW by the Skipsløpet syncline, and probably 
continuing into a next syncline in the SE, with a new anticline covering the island of 
Langøyene.  
The inferred anticline core is exposed at the middle of the islands (Fig. 3.34). The anticlinal 
core is composed of limestones interbedded with calcareous shales (equal the Vollen 
Formation of Owen et al. (1990)) and is cut by rhombus porphyry intrusion. The core is cut 
by a hinterland directed thrust striking NE-SW with a dip of 57º towards NNW (Fig. 3.34c), 
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which is interpreted to be fold related fault due to space problems. Displacement of the fault 
is difficult to measure, due to lack of reference beds and due to intruding rhombus porphyry.   
 
Figure 3.34: Anticlinal core composed of limestones interbedded with calcareous shales, 
and cut by later rhombus porphyry, western shore of Rambergøya. (a) Schematic cross-
section, (b) details around the anticlinal core from photograph. 36m in horizontal section. 
(c) Contractional fault cutting the anticlinal core.  Stereographic projections of all bedding 
from Gressholmen and Rambergøya (left) and fault planes from the fault in (c) (left).  
74 
 
   
Parasitic folds have been observed in the anticlinal core (Figs. 3.34a and b) and present in 
several localities within the study area. These folds are usually situated to far up in the walls 
to be measured, but the parasitic folds have approximately the same fold axis orientation as 
for the main anticline, with a varying axial plane linked to the Gressholmen anticline (Fig 
3.35c). The best examples within the study area are given in Figs 3.35 and 3.36. In Fig 3.35, 
a Z-fold is interpreted, which is located in the anticlinal core, but at the other side of Fig. 
3.34. This meso-scale anticline and syncline has approximately the same trend and plunge as 
for the macro-scale fold, and is trending 47º with a shallow plunge of 10º. The wavelength of 
the fold is approximately 1 m, and the amplitude is about 1 m. Most of the meso-scale folds 
observed within the field area are believed to be parasitic fold of Gressholmen anticline.       
 
Figure 3.35: Inferred parasitic fold to Gressholmen anticline. (a) and (b) displays a Z fold, 
where (b) is the interpretation of what observed in the field. (c) Stereographic projection of 
bedding. (d) Conceptual figure over parasitic folds.  
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Figure 3.36: Inferred parasitic fold to Gressholmen anticline. (a) Outcrop at southern tip of 
Rambergøya. (b) Conceptual figure, where red box is inferred where (a) is located within 
the Gressholmen anticline.    
 
Fig. 3.36 gives another example of parasitic fold. This fold has the same characteristics as 
the one above, and is interpreted as a Z-fold. This fold is situated in the interbedded thin and 
thick parallel laminated sandstones at the southern tip of Rambergøya. The trend and plunge 
was measured with the sighting method, giving trend of 063º and a plunge of approximately 
15 º. Axial surface is dipping approximately 50º towards NNW.    
Mesoscopic folds 
Most of the mesoscopic folds are observed on Heggholmen. These folds are interpreted to 
have formed by buckling or faulting (fault-bend folds) in an early stage or to be parasitic 
folds. Meso-scale fault controlled folds are observed at the SSE limb of Gressholmen 
anticline, and are interpreted to be early formed structures (Figs. 3.21 and 3.22).  
Heggholmen is composed of a complex meso-scale fold train, with a general increase of 
intensity and decrease of amplitude and wavelength towards southern part of the islands. 
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These folds have the same trend and plunge as for the Gressholmen anticline, with a trend 
between 050º - 060º, and a shallow plunge towards NE.  
Two larger meso-scaled folds are located at the northern part of Heggholmen (Figs. 3.37 and 
3.19: cross-section D-D’).  The two fold makes up an anticline-syncline par.  F1 is an upright 
shallow NE-plunging anticline, with determined folds axis to trending 055º and a shallow 
plunge of 10º. The SE limb of the anticline continuous into a syncline, F2. The anticline has 
amplitude of 10 m, and wavelength of 60 m. the interlimb angle is determined to be 85º, and 
characterized as an open fold.  
F2 is the next syncline, and can be classified as a gentle to open syncline. Fold axis is 
measured to trending 050º and have a shallow plunging of 13º. The fold is asymmetric, with 
approximately the same amplitude and wavelength as for F1.  
These two folds have a more northerly trend than for the measured fold axis orientation of 
the Gressholmen anticline, in which is dominant for all the folds at Heggholmen. Anticline 
(F1) covered by debris and vegetation, and orthogonal thickness is difficult to measure, but 
from the cross-section (D-D’) it seems to be a class 1B fold by Ramsay’s (1967) 
classification. The syncline (F2) and meso-scale anticline (F3) have a constant orthogonal 
thickness given from field observations, and can be classified as a 1B fold, after Ramsay’s 
(1967) classification of folds.    
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Figure 3.37: (a) Anticline F1. (b) Stereographic projection of F1 bedding. (c) Syncline (F2) 
and anticline (F3). (d) Stereographic projection of F2 bedding. Yellow line give bedding 
trace.  
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Figure 3.38: (a) Mesoscopic anticline located western shoreline of Heggholmen. The fold is 
interpreted to be a parasitic fold to a larger anticline. Red lines marks fault traces and blue 
lines mark bedding. (b) Stereographic projection of bedding.  
 
Fig.3.38 gives a shallowly ENE plunging anticline in nodular limestone to sandstone beds. 
The fold axis is measured to trend towards 069 º with a plunge of 11º. The fold is classified 
as thigh fold. The orthogonal thickness of the beds is fairly constant, and is classified as 
Class 1 B fold by Ramsay’s (1967) classification. The wavelength is complex to measure 
due to lack of exposure, but a wavelength of 8 m and amplitude of approximately 4 m is 
interpreted. Both limb is considered too continues into synclines. This fold is interpreted to 
parasitic fold in respect to a larger anticline.     
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Space problem structures in the folds are both observed within the macroscopic fold and the 
mesoscopic folds, as is inferred to be folding related faults. Heggholmen is one of the 
localities where this can be observed (Figs. 3.39 and 3.40). The locality is in the nodular 
limestone (equal to the Skogerholmen Formation of Owen et al. (1990)). The syncline is a 
shallowly to horizontal NE trending upright fold. From field observation, the SE limb of the 
synclinal is slightly overturned, or with vertical NNW dipping limb. The syncline is 
determined to trending 051º and plunging 4º. The orthogonal thickness of the beds appears 
fairly constant in the core of the syncline, and is classified as a class 1B fold after Ramsay’s 
(1967) classification.  
SE limb of the syncline goes over to a larger scale anticline, possible a part of the 
macroscopic anticline. The SE limb is cut by several faults, where two sets of faults have 
been measured; a hinterland directed (FA1) and a foreland directed fault (FA2) set. 
Fault set FA1 is characterized by shallowly to steeply dipping backthrusts. The fault planes 
strike NE-SW (average strike of 043º) with an average dip of 45º. The faults seems almost to 
be bedding parallel, but cutting more sand rich beds above, where in the footwall is 
composed of nodular limestone. The displacement is not possible to measure. Transport 
direction is interpreted to be NNW.  
Fault set FA2 is more steeply dipping and foreland directed. The fault planes strike NE-SW 
(average strike of 235º) and dipping towards NW with an average dip of 58º. The 
displacement is difficult to measure, but the displacement seems to low.  
The two fault populations have a similar strike, but different dip direction. The faults do not 
appear to cut each other, and is seem that FA2 splay from FA1. These faults are interpreted 
to be generated at the same time and fold generated. The contractional faults are inferred to 
be developed due to space problem in the syncline.  
 
80 
 
 
Figure 3.39: Fold related fault developed due to space problems in a synclinal, located at 
western shoreline at Heggholmen. (a) Synclinal in nodular limestone. Field book for scale 
(b) and (c) displace foreland directed faults and backthrust. Field book for scale. Red lines 
marks fault traces and blue lines mark bedding. Yellow lines are cleavage planes.  
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Figure 3.40: Stereographic projection to faults and bedding in Fig. 3.39. (a) Bedding. (b) 
FA1fault plane. (c) FA2 fault planes.  
 
The Lower Silurian shales, which are exposed at the southern tip of Rambergøya, are 
composed of small scale folds (Fig.). These folds are restricted to the thin siltstone layers 
which are interbedded with the shale. Most of folds are exposed to far up the wall, and was 
not measured.  
The folds are tight to close, with an unsymmetrical geometry. The synclines and anticline 
present in the silt layers have a constant orthogonal thickness, and are interpreted as 1B folds 
after Ramsay’s (1967) classification. The shale developed a more class 1C folds (after 
Ramsay, 1967), as the orthogonal thickness is larger in the fold hinge than in the flanks of 
the folds. Seven folds where measured at this area, given in stereographic projection in 
Fig.(). The fold axis of the anticlines and synclines have an average trend towards ENE 
(061º) with a plunge of 20 º, and have approximately the same trend and plunge as the 
Gressholmen anticline.  
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Figure 3.41: Small scale folds in Silurian shales, located at the southern tip of 
Rambergøya. The folds show 1B folds in the competent siltstone and 1C folds in the 
incompetent shales. Clipboard for scale.  Stereographic projection of the measured 
fold axis (bottom).   
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3.3.5 Cleavage   
The study area is dominated by bedding parallel cleavage, S0. A secondary, tectonically 
related cleavage, S1, appears to be locally.  
The second cleavage plane, S1, is observed within the shales at the study area. The cleavage 
planes are generally poorly developed, and thus difficult to measure. The secondary cleavage 
plane has not been developed in the more component siltstones and sandstones, but cleavage 
in nodular limestone are observed (Fig. 3.43).  Measurement from the whole study area, give 
a mean principal striking of ENE - WSW (mean strike of 245º) with an average dip of 29º 
towards NNW. This NNW dipping cleavage plane is observed in both limbs of Gressholmen 
anticline, and in meso-scaled folds at Heggholmen, and is fairly constant throughout the 
study area. 
Pencil cleavage  
Pencil cleavage is developed in the dark shale unit (equaling the Venstøp formation of Owen 
et al., 1990) at both sides of the anticline, and in the Silurian shales (equaling the Solvik 
Formation of Owen, et al. 1990)) at the southern tip of Rambergøya. These units are 
interpreted to be near the anticlinal core and the next syncline core.  
Fig. 3.44 gives pencil cleavage within the black shales located at NE tip of Rambergøya near 
the anticlinal core. Within this unit there are two cleavage planes intersecting. 
 S0 (red in Fig. 3.44) has an ENE-WSW strike (with an average strike of 244º) with a steep 
dip of 83º towards N-NE, and is inferred to equaling the bedding parallel cleavage.  
The secondary cleavage plane (S1) has E-W to ENE-WSW strike (with an average strike of 
257º) with a dip ranging from 10º to 30º towards N-NW (average dip of 26º). S0 and S1 are 
intersecting and developed a pencil cleavage in the shales.  
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Figure 3.43: NW dipping cleavage plane, western shoreline of Heggholmen. Blue lines 
marks bedding, green lines marks cleavage trace. Compass for scale. Stereographic 
projections: bedding (left) S1 cleavage plane (middle) and Cleavage measurements within 
the study area (right). 
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Figure 3.44: Pencil cleavage, located at NW part of Rambergøya. Compass for scale. 
Stereographic projection for S0 cleavage (red) and S1 cleavage (green). 
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3.3.6 Tensile fractures 
In some separate component sandstone beds, tensile fractures are observed. These fractures 
have a position sub-perpendicular to the striking of the beds, and are restricted to separate 
competent beds consisting of sandstones. The tensile fractures consist of carbonate filled 
cracks, possible calcite (pers. Comm. Arild Andresen). These structures are located in the 
entire study area.  
The fractures are inferred to have been formed early when the beds where essentially 
subhorizontal. Argument for this is the high angle between the bedding and fractures in the 
entire study area.  
At Fig. 3.45, the bedding is striking NE-SW, with a steeply dipping between 80º and 90º, 
sometimes overturned. The tensile fractures are striking NNE-SSW with a shallowly dip of 
21º in average. This structure is believed to be early formed due to its orientation and dip, 
which indicate a maximum stress towards approximately NNW-SSW. The fractures have 
therefore been rotated back to horizontal bedding, with a rotation axis equal to the 
Gressholmen anticline (061/13) with a rotation axis of 89 º (average dip of beds).  
After rotation the tensile fractures striking NE-SW to NNE-SSW (average strike of 033º) 
with a subvertical dip of 84º.  This orientation of fractures indicates a minimum stress (σ3) of 
NW-SE. The beds at this locality vary between slightly overturned, vertical dipping to 
normal bedding, and therefore difficult to choose corrected rotation angle.  
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Figure 3.45: (a) Tensile fracture, possible calcite, sub-perpendicular to bedding. Notebook 
for scale. Stereographic projections of the (a) bedding (b) tensile fractures (c) tensile 
fractures after rotation.   
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3.3.7 Permian Structures 
The Permian extension structures are not the focus of this study, but a short description is 
given here to describe the map pattern.  
The Permian extensional faults and dike post dates all other structures at the study area, and 
are cutting the Lower Paleozoic succession and Caledonian folds and faults (Figs. 3.47 and 
3.49).  
 
Figure 3.46: Stereographic projection of (a) normal faults and (b) intrusions within the 
study area.   
 
The normal faults have a NNW-SSE to N-S strike, and have an average dip of 60 º towards 
W and S. Some faults are also observed as NNE-SSW normal faults. The mean principal 
orientation of the faults is a striking of 171 º and dip of 86º (Fig. 3.46a). This gives a 
minimum stress orientated WSW- ENE to E-S (σ3), and a vertical maximum stress (σ1).  
Examples of Permian structures are given in Figs. 3.47 and 3.49. Fig. 3.49 gives inferred 
antithetic and synthetic normal faults to the main fault.  
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Three types of intrusions are observed in the study area (Fig.3.48); rhombus porphyry, 
diabase and syenite. These mainly occur as dikes, cutting through the islands in a NNW-SSE 
pattern (average strike of 345º) with a vertical to sub-vertical dip (Average dip of 88º) (Fig. 
3.46b). The dikes ranging in thickness from a few meters, to approximately 9 m of the 
syenite and 17 m of the rhombus porphyry. Sills have been observed, at Rambergøya, which 
have a layer parallel orientation to the sedimentary bedding.   
 
 
Figure 3.47: (a) Normal fault located at Heggholmen, overview photo. (b) Normal fault 
along diabase dike. Backpack for scale. (c) Stereographic projection of fault planes to 
figure (a). (d) Stereographic projection of fault planes to figure (b). 
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The syenite intrusions (Fig. 3.48cd) are grayish to light pink in fresh surface, and are usually 
larger in thickness than the diabase intrusions. These intrusions are composed of phenocrysts 
ranging from less than 0, 5 cm to up to 1 cm in length. The phenocrysts are mainly 
composed of white to pink minerals, probably feldspar. Dark green and black minerals are 
also observed within the matrix.  
The diabase intrusions (Fig. 3.48ab) have a red to brownish weathering surface, with a gray 
fresh surface. These intrusions have a finer grained matrix than for the syenite, but bubbles 
are observed in the middle part of the intrusions. This bubble is weathered out minerals or air 
bubbles. The phenocrysts are for the most situated in the middle part of the dikes, with a fine 
grained matrix towards the margins. The phenocrysts in the diabase are usually 1 mm thick, 
but up 7 mm phenocrysts are located in the larger dikes. The phenocrysts are white to orange 
in color. Some of the dikes show “pillowlava” form, where part of dike is composed of 
easily weathered parts.   
The rhombus porphyry (Fig. 3.48e) has a thickness up to 17 m and stand out as ridges within 
the study area. The rhombus porphyry has a red weathering surface, but is grey in fresh 
surface. It is composed of rhombus crystals, which is ranging from 0.5 cm to approximately 
3 cm in size. The crystals are dark gray. The rhombus porphyry is dominant at the western 
part of Rambergøya and cutting through Heggholmen, and is present as both dike and sill.  
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Figure 3.48: Intrusions observed within the study area: (a) Diabase dike cutting through 
nodular limestone. Inch rule for scale. (b) Close up photograph of diabase, showing air 
bubbles. Photo taken from middle part of the dike. Pencil for scale. (c) Syenite dike cutting 
through nodular limestones at Gressholmen. Clip board for scale. (d) Close up of syenite, 
showing phenocrysts. Pencil for scale. (e) Rhomb porphyry with rhomb shaped phenocrysts. 
lens cap for scale.       
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Figure 3.49: (a) Normal fault located at Bleikøya. Backpack for scale. (b) Conceptual figure 
of fault at Bleikøya, giving antithetic and synthetic normal faults. (c) Fault breccias located 
at Rambergøya. Approximately 1 m in horizontal scale. (d) Stereographic projection of fault 
planes.   
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4. Discussion  
The structural style of the Caledonides in the Oslo Region is predominately given by 
imbrication and folding by a NW-SE shortening. The dominant structural grain of the Oslo 
Region is orientated ENE-WSW, inferring a bulk transport direction to the SSE (Morley, 
1986b, 1994; Bruton et al. 2010).  
From the Oslo-Asker district, Morley (1986a, 1987, 1994) demonstrated that shortening by 
thrusting and folding was typical in the Cambrian to mid-Ordovician succession, whereas 
shortening mainly by buckling was more typical in the Upper Ordovician. The study area 
reflects what Morley (1986a, 1987, 1994) described for the Upper Ordovician, shortening 
predominately given by buckling.  
The study area is situated in the Upper Ordovician, and reflects the same structural grain as 
for what is known for the Oslo Region (Morley, 1986b, 1994; Bruton et al., 2010), and what 
Morley (1986a, 1987, 1994) defines as buckle fold train. The Gressholmen anticline is 
bordered to the NW by the Skipsløpet syncline, with another anticline, the Hovedøya 
anticline, is located still further to the NW. Morley (1994) suggested that buckle fold style 
becomes more apparent passing up-section from the main detachment.  
The structural geology of the study area reflects deformation of a heterogeneous material 
undergoing progressive deformation. The progressive deformation within the Oslo Region 
was also noted by Morley (1994 p 626), and concluded, “The Osen-Røa thrust sheet in the 
Oslo Region displays a progressive formation style that occurred within a single major 
thrusting episode”.  
The structural development and geometry of folds and faults within the study area will firstly 
be discussed as presented in chapter 3.3, and at the end a kinematic model will be presented.  
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4.1 Contractional faults  
4.1.1 Early formed contractional faults 
Several localities in the study area inferring early formed contractional faults (e.g. Figs. 3.21, 
3.22 and 3.23). The main argument for interpreting these faults as early formed, as pointed 
out in chapter 3.3.3, is the low angle (approximately 30º) between bedding and faults. These 
early contractional faults are inferred to have been formed by bedding parallel NW-SE 
shortening when the beds were essentially subhorizontal.  
Most of these structures have been rotated by later folding. This is clearly giving in the 
overturned or steeply dipping beds, given by a low angle (approximately 30º) between the 
bedding and the faults and indication of a maximum stress (σ1) oriented vertical (Fig. 4.1).  
The early formed contractional structures were therefore rotated back so the bedding was 
horizontal to sub-horizontal. This gives an ENE-WSW to WNW-ESE strike of the early 
contractional faults. In general the early contractional faults give a NE-SW, and present as 
both backthrusts and foreland directed thrusts (e.g. Figs. 3.23), in which approximately 
correspond to the main transport direction calculated for the study area of NNW-SSE 
transport direction.  
Some of the early contractional faults are giving a WNW-ESE to N-S strike, implying a 
shortening of NNE-SSW to E-W. This can be explained by an oblique to lateral ramping of 
the faults, which are observed within the study area (Figs. 3.21 and 3.22). Another 
possibility for the spread of the rotated data can be that the axis the beds were rotated back 
around was not similar to the actual rotation axis.  
The early contractional faults are commonly given by a flat-ramp-flat-geometry (Figs. 3.21, 
3.22 and 4.1), with hinterland dipping and foreland dipping ramps. These structures give 
both fault-bend fold and fault-propagation folds (if the fault has a tip point). The flat of the 
faults are located within shale to fine siltstone layers, and the ramp cut up-section through 
the competent sandstone beds. The ramps have an angle of approximately 30º to bedding. 
Inferred strain path of the early contractional structures is given in Fig. 4.1, with the later 
stage of folding of structures as last phase. The folds originated by fault propagation are 
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often further cut, making up flat-ramp-flat geometry, given a more or less fault-bend fold 
shape with a higher wavelength fold. This is given in left side of Fig. 3.22.   
Morley (1986a, b, 1987, 1994) pointed out that rotated thrust wedges was the earliest 
structures within the foreland in Oslo Region. He pointed out that these structures had been 
rotated by later folding and thrusting, which verifies the interpretation above. Ramsay and 
Huber (1987) described also that before the active folding of a layer, the layer will frequently 
undergo homogeneous strain, which will result in bedding parallel shortening and bed 
thickening.  
 
 
Figure 4.1: Conceptual figure over development and rotation of early contractional faults 
observed within the study area. (a) 1: The first phase of the triangle structure and fold-bend 
folds, and a developed fault propagation fold. Maximum stress (σ1) is oriented horizontal.  
2: Development of triangle structures, flat-ramp-flat geometry of fold-bend faults and break 
of fold propagation fold by development of flat-ramp-flat geometry. 3: Structures get rotated 
due to buckling. (b) Stereographic projection for all measurements within field, giving a 
major trend of NE-SW, inferring NW-SE shortening. In addition, inferred oblique faults 
given with a more ENE-WSW to N-S orientation.        
 
 
96 
 
4.1.2 Fold controlled faults 
Other contractional faults within the study area have lower angles and not the same 
bedding/fault relationship as for the early contractional faults. These faults are cutting 
already deformed rocks, and most of these faults are inferred to develop due to 
accommodating for space problems within the core of the Gressholmen anticline and the 
related mesoscopic folds. The best example of fold controlled faults is given in Fig. 3.39. 
The field observations indicate that fold controlled faults have formed due to NW-SE 
shortening synchronously with the main folding phase accommodating for space problems, 
as indicated in Fig. 4.2.    
The fold controlled faults have an average ENE-WSW strike, where the dip ranges from a 
subhorizontal to approximately 70º. These faults are represented in the field by top-to-SSE 
foreland directed contractional faults and top-to NNW backthrusts. This indicates a 
maximum stress (σ1) oriented NNW-SSE.   
Some of the fold controlled faults are steeply dipping (up to 70º), and thus inferred to have 
rotated by folding to some degree during the progressive deformation. Most of the high 
angle faults are located within mesoscopic folds or the anticlinal core of Gressholmen 
anticline, and have probably been rotated by the progressive folding. Steeply dipping reverse 
faults within the fold limbs was also observed by Bruton et al. (2010) at Ringerike.  
The fold controlled fault is believed to have nucleated within a more competent unit within 
folds to accommodate for space problems. This characteristic was also noted by Morley 
(1994) from the western shore of the Oslofjord. The fold controlled faults at western part of 
Oslofjord is located within fold trains and buckle folds, and can be termed break thrusts 
(Fisher et al., 1992; Morley, 1994). The fold generated faults within western part of the 
Oslofjorden have higher displacement than observed within the study area, and are probably 
due to that the study area is situated higher in the stratigraphy with lower strain intensity 
(Morley, 1986a, 1987, 1994; Bruton et al., 2010). If the faults have nucleated within the 
competent units within the study area, most of them might have died out or followed the 
thick shale unit of Arnestad Formation (Owen et al., 1990), in which Bruton et al. (2010) 
propose as an upper detachment horizon.    
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No faults generated from the main detachment are interpreted at the study area, and Morley 
(1986a) pointed out that these fault usually dies out in Cambrian to mid-Ordovician rocks. 
Bruton et al. (2010) also mention that imbrication was lower within the Oslo area. Morley 
(1994) pointed out that most of the contractional fault located in the mid Ordovician was of 
break thrust origin, where the faults nucleated and after propagated upwards and downwards 
into the main detachment, namely fold generated imbricates.  
Most of the fold controlled faults, which is not bedding parallel faults, are in general 
observed at the forelimb of the Gressholmen anticline or in core complex of Gressholmen 
anticline. Morley (1994) observed the same characteristics, and explained it with that the 
forelimb was more strained during the folding development. 
The bedding parallel faults are present in both limbs of the Gressholmen anticline, and 
represent faults that are following the bedding (Fig.3.25). The bedding parallel faults 
indicate some degree of flexural slip between beds, as proposed by Tanner (1989), and that 
flexural folding was a mechanism during the deformation.  
The trend and plunge of the slickenside lineation have mean direction towards SE (Fig. 
3.25), whereas the mean tectonic transport direction for the study area is calculated to be 
towards approximately SSE.  In theory, the orientation to slickenside lineation is orthogonal 
to the major fold axis (Tanner, 1989), which in this case is orientated ENE-WSW. There is a 
small shift of principal orientation of the slickenside at the study area, but not observed 
within the same locality as Repshus (2012) did at Hovedøya. A slightly different orientation 
between the slickenside lineation and the trend and plunge of the fold axis was by Ramsay 
(1967) explained by development of folding in already primary inclined beds.  Tanner 
(1989), on the other hand, explained this with a result from progressive change in slip vector 
during the growth of the fold and overturning of fold in the tectonic transport direction.  
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Figure 4.2: Conceptual figure over development fold related faults. (b) Stereographic 
projection for all measurements of foreland directed faults, giving a major trend of ENE-
WSW, inferring NNW-SSE shortening. (c) Stereographic projection for all measurements of 
hinterland directed faults, giving a major trend of NE-SW, inferring NW-SE shortening.      
 
4.1.3 Out-of-sequence faults 
The best example of out-of-sequence faults is given in Fig. 3.31. The out-of-sequence faults 
present in the study area are cutting the mesoscopic anticlines and synclines. These faults are 
represented with both low and steep angle faults, which give an indication that they have 
formed during the whole folding phase.  
Some out-of-sequence thrusts located within the field have dip up to 60º (Fig. 4.3). This high 
angle can imply an earlier development of the contractional faults when the bedding was to 
some degree tilted and further rotation by the progressive folding. These high angle faults 
are commonly backthrust (e.g. Fig. 3.30), and are interpreted to be originated due to space 
problems within the Gressholmen anticline and the mesoscopic folds. High angle out-of-
sequence faults were also observed within Ringerike by Bruton et al. (2010). The out-of-
sequence faulting present within the study area can be a result of changes in the overburden 
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and friction, making the fault activity to switch from one place to another (Gabrielsen, 
2010).   
Low angle out-of sequence faults are also observed within the study area (e.g. Figs. 3.31). 
These faults cuts earlier formed mesoscopic fold trains with a dip of approximately 30º with 
a NE-SW strike (Fig. 4.3). This implies a maximum stress (σ1) oriented NW-SE. These 
structures are interpreted to be of later origin, due to the low angle and propagation through 
already deformed rocks.  
One reason for this late development of out-of-sequence faults can be explained by processes 
to stabilize the thrust wedge. Morley (1987) explained that out-of-sequence faulting may 
occur due an increasing distance between the thrust front and the hinterland, and hence 
greater forces are needed to move mass towards the thrust front. A given point, the thrust 
system will make attempt to stables itself, and re-deform the internal zones, by for example 
out-of-sequence faulting, than deform rocks further into the foreland (Morley, 1987).     
 
Figure 4.3: Conceptual figure of out-of-sequence faulting. The contractional fault has low 
angle (approximately 30º) and high angle to bedding. The faults is cutting down-section in 
the forelimb of an anticline, and cutting up-section in the backlimb. Stereographic 
projection gives a NE-SW strike of the fault with dip of 30º.  
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4.2 Folds 
The fold axis measured within the study area give an ENE-WSW trend (Fig. 4.4d), in which 
corresponds to the known orientation of fold axis within the Oslo-Asker district, given by its 
NE-SW to ENE-WSE trend (Morley, 1987; Larsen and Olaussen, 2005; Bruton et al., 2010). 
The same orientation of the fold axis’s indicated that the folds were originated in the same 
deformation event (Fig.4.4d). Measurement of fault related fold is not taken into count here.  
The Gressholmen anticline is trending ENE-WSW with a shallow plunge towards ENE. The 
fold is composed of a stack of competent units of sandstones and limestones, and 
incompetent units of thick shales, with a general increase in sandstones up-section (Fig. 3.2 
and cross-section A-A’; Appendix C). A multilayered folds with these characteristics, was 
by Ramsay (1967) proposed to have developed by instability between the layers, and form 
multilayer buckling, with the more competent units as controlling factor for the fold. Morley 
(1986a, 1994) pointed out that the mid-Ordovician rocks of the Slemmestad-Asker area had 
been deformed by buckling, and that the wavelength of the folds increases passing up-
section in the succession.  
Gressholmen anticline has a wavelength of approximately 900 m and amplitude of 200 m 
measured from cross section A-A’ (Appendix C). The axial surface has dip of 70 º. Morley 
(1986a) recognized that folds in the Ordovician rocks from moderately broad, open folds 
with wavelength of 270 – 1400 m and amplitude of 120 – 300 m; fold geometry is class 1B. 
The folds are upright to slightly inclined, with axial planes that dip to NNW between 70 and 
90 º, and exhibit an interlimb angle of 100-120 º. Morley (1994) illustrated that the 
Ordovician succession of the Oslo Region displayed trains of folds, sometimes unbroken by 
significant thrust, rather than folds localized near the thrust plane. These folds have 
commonly equal amplitude and wavelength (Morley, 1994). A wider range of wavelength 
folds, or isolated folds, is more common in respect to fault propagation folds and detachment 
fold theory (Fisher et al., 1992). When taken Gressholmen anticline to account, this verifies 
what Morley (1994) proposed, where the Gressholmen anticline is situated in a fold train. 
This anticline is bordered to the NW by the Skipsløpet syncline, with another anticline, the 
Hovedøya anticline, is located still further to the NW (Fig. 3.1), and probably developed by 
buckling (Fig. 4.4).  
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In addition there seem to be a relationship of the competent sandstone (Langøyene 
Formation of Owen et al. (1990)) and the wavelength of the Gressholmen anticline (Cross-
section A-A’, Appendix C).  Ramsay (1967) indicated that there was a relationship between 
the fold behaviors and the component layers, and concluded with: “the dominant wavelength 
is directly proportional to the thickness of the competent layer” (Ramsay, 1967 p376). In the 
Gressholmen anticline, the competent sandstones and siltstones of the upper Ordovician 
(equaling the Langøyene Formation of Owen et al. (1990)) is the controlling lithology of the 
fold wavelength and amplitude. This characteristic was also proposed by Morley (1994) of 
the Middle Ordovician succession, western part of Oslofjorden, and concluded that this was 
typical for buckle folding where the fold wavelength increase with increasing competence of 
the formations. The wavelength of the Huk Formation of 20-200m in the Middle Ordovician 
(Morley, 1994) to the wavelength of study are of approximately 900m, verifies the argument 
to Morley (1994).    
Most of the mesoscopic folds within the Gressholmen anticline are interpreted as parasitic 
folds (e.g. Figs. 3.35 and 3.36). These folds are related to the progressive development of 
Gressholmen anticline as they have the same orientation, and have axial surfaces which are 
inferred to have formed due to flexural slip or flexural flow (Fig. 3.32c). These folds are 
observed as S- and Z- folds (Figs. 3.35 and 3.36), and are observed within both limbs.   
Possible development of the parasitic folds is given in Fig. 4.4. Ramsay and Huber (1987) 
pointed out that parasitic folds did not occur as a result of just flexural slip process. They 
explained it with an earlier layer parallel shortening process when the beds was essentially 
subhorizontal, which led to development of buckle fold due to different thickness and 
competence variations between the layers (Ramsay and Huber, 1987). Ramberg (1964) 
pointed out that difference in thickness between the competent layers within a multilayer 
fold, will result in development of early folds with low amplitude and wavelength of the thin 
competent layers, while the thick competent layers will thicken by layer parallel shortening. 
After the folds were initiated, they will be modified into asymmetric S and Z forms, whereas 
the absence of shear component at the hinge leads to parasitic folds retaining their M form 
(Ramsay and Huber, 1987).        
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Gressholmen anticline is a non-symmetrical overturned anticline. The fold goes from being 
an upright shallowly plunging fold in the SW part of the study area to be an overturned 
anticline in NE, where the SE limb is overturned. The axial surface has a dip of 
approximately 70º. This was also recognized by Morley (1986a, 1994) and Bruton et al. 
(2010) for the Oslo Region. This can be explained with the Oslo Region was situated in a 
thin skinned foreland fold- and thrustbelt (Morley, 1992; Bruton et al., 2010), thus will 
develop a polarity and regional overturning that reflects the non-symmetry and shear within 
the wedge (Hudleston and Treagus, 2010).  
 
 
Figure 4.4: Conceptual figure over development of folds within the study area. (a) 1. 
Undeformed state. 2. Start of compression, developing small scale folds within the thin 
competent units. 3. Development of parasitic folds to Gressholmen anticline. Thick 
competent controls the geometry. Stereographic projections of (c) bedding within the study 
area and (d) fold axis.   
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4.3 Tensile fractures 
In some separate competent sandstone beds, tensile fractures are observed (Fig. 3.45). These 
fractures have a position sub-perpendicular to the dip of the beds, and are restricted to 
separate competent beds consisting of sandstones. The tensile fractures consist of carbonate 
filled cracks, possible calcite, and are located within the entire study area.  
The fractures are inferred to have been formed early when the beds where essentially 
subhorizontal. An argument for this is the subvertical angle between the bedding and 
fractures in the entire study area.  
The fractures have therefore been rotated back to horizontal bedding. After rotation the 
tensile fractures strike NE-SW to NNE-SSW (average strike of 033º) with a subvertical dip 
of 84º.  This orientation of fractures indicates a minimum stress (σ3) of NNW-SSE.  
Two solutions can explain this; the fractures could have been developed due to sedimentary 
loading during burial with a vertical maximum stress, later rotated by folding.  
Another possibility is development of tensile fractures on the flanks on a fold as is developed 
due to flexural slip early in the folding stage. Progressively deformation, as the folds evolves 
would then rotated the structures further. These fractures tend to dip moderately towards the 
axial surface (Ramsay, 1967). 
More data should have been collected to draw any conclusion on this phenomenon.      
 
4.4 Cleavage development 
Primary bedding and NNW shallow dipping cleavage are located within the study area. The 
cleavage is in general poorly developed, and the NNW dipping cleavage is observed at a few 
localities at both limbs. The same cleavage orientation has been located at Hovedøya by 
Repshus (2012), which were interpreted to be post folding related to the Permian period.  
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The NNW dipping cleavage has been observed throughout the study area, where the 
cleavage penetrates through the macro-scale Gressholmen anticline and the meso-scale 
synclinals and anticlines with approximately same orientation (Figs. 3.39 and 3.43).  
The cleavage pattern observed at Rambergøya can be described due to the overturned 
Gressholmen anticline; the cleavage should have to a lower dip than the bedding at the 
overturned limb. On the NNW limb on the other hand, the cleavage is dipping less than the 
bedding, with same strike. This can therefore not be interpreted as an axial plane cleavage, 
and the NNW cleavage is probably cutting the axial plane cleavage if it is developed. The 
NNW dipping cleavage plane has therefore been inferred to have formed in a later stage than 
the main folding stage.  
The NNW dipping cleavage is in the XY-plane in the finite strain ellipse, where the 
maximum shortening was perpendicular to the cleavage plane. This gives a X≥Y≥Z in the 
finite strain ellipse, giving the field of flattening in the Flinn’s diagram. This flattening can 
have been developed due to overburden after the main folding stage.  
A possible a rigid body rotated may have occurred to develop the NNW-dipping cleavage 
observed. Two possibilities can make the rigid body rotation: Rotation due uplift by 
Caledonian thrusting or by Permian normal faulting (Fig. 4.5).   
First possibility is related to a later stage in the Caledonides with development of out-of-
sequence contractional faults lower in the stratigraphy. This can happens if the thrust wedge 
halts due to decrease in pore fluid pressure and an increase in friction (Gabrielsen, 2010), 
resulting in uplift due to “underplating” (out-of-sequence thrusting). This process might have 
occurred close to the main Osen-Røa detachment, resulting in an uplift and rotation of 
Gressholmen anticline (Fig 4.5 (ii)). This might occur due to deposition and erosion of the 
Ringerike sandstone.   
A second possibility is related to the Permian extension, where the Lower Paleozoic 
succession down drops (Ramberg and Bockelie, 1981) due to normal faulting, giving a rigid 
body rotation of the Lower Paleozoic succession (Fig.4.5b (i)).  
 
105 
 
 
Figure 4.5: Conceptual figure over the development of NNW dipping cleavage. (a) Cleavage 
develops in the xy-plane of the finite strain ellipse due to burial. (b) Rigid body rotation, 
giving NNW dipping cleavage. Two possible solutions: i) Normal faulting during Permian 
period or ii) Late contractional fault.  
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4.5 Late Carboniferous-Permian extension 
As mentioned in the chapter 2.4, the islands have been down faulted by the Permian 
Extension, preserving the lower Paleozoic succession within Oslo Region (Ramberg and 
Bockelie, 1981; Swensson, 1990; Larsen and Olaussen, 2005).  
The normal faults at the study area have in average a striking of NNW-SSE to N-S, with a 
dip of approximately of 60 º towards W and S.  This gives a minimum stress (σ3) orientated 
WSW- ENE to E-W, and a vertical maximum stress (σ1). Normal faults with NNE-SSW 
strike are also observed within the study area. 
The Permian extensional structures within the study area have a connection to the Nesodden 
Fault Segment (NFS) and the Ekeberg Transform Fault (ETF). The main trend of the Oslo 
Graben (N-S) was controlled by the Oslofjorden Fault with the favored orientation of N-S to 
NNE-SSW (Swensson, 1990). From map (Larsen et al. 2007, P.288) the eastern fault in 
Oslofjorden have a more NNW-SSE, which explains the NNW-SSE synthetic and antithetic 
faults observed within the study area.   
Intrusions within the study area are cutting through the islands in a NNW-SSE pattern 
(average strike of 345º) with a vertical to sub-vertical dip (Average dip of 88º). This has the 
same orientation of what Swensson (1990) observed within the Oslo, with a pattern for the 
dikes NW-SE to NNW-SSE, which therefore have an acute angle to the NFS.  
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4.6 Map Structures 
4.6.1 Gressholmen 
 
Figure 4.6: Lithostratigraphic map over south-western part of Gressholmen.  
 
Two solution can be obtained from the cross-section C-C’ given in section 3.3.2; earlier 
formed contractional fault or fold related fault developed synchronously with the main 
folding.  
The relative age of the lithology is known from field mapping, and given with older units 
situated on top of younger units. It is therefore not possible to solve this structure with 
folding, and contractional fault is present. From field observation it is given that both the 
footwall (south of the fault; Figs. 4.6 and 4.7) and the hangingwall (north of the fault; Figs. 
4.6 and 4.7) are restrictively deformed, and have a continuous orientation. The vertical 
thickness is less for the hangingwall than for the footwall.  
108 
 
The contractional fault is inferred to be an oblique fault, where the footwall bedding 
terminates towards the interpreted ramp. The bedding in the hangingwall has a dip of 
approximately 60º with a decrease in angle towards NNW. The bedding of the footwall has a 
dip of 30º with an increasing dip towards SSE to approximately 50º. 
The first interpretation is given by fault-bend fold, possible fault-propagation fold, which 
have formed by NW-SE shortening prior to the main folding stage when bedding was 
essentially subhorizontal.  
This interpretation give a flat-ramp-flat geometry, where the flat is inferred to be located 
within shale and thin limestone horizons, namely of the Arnestad Formation of Owen et al. 
(1990). This formation has been proposed to be an upper detachment surface by Bruton et al. 
(2010). The ramp is inferred to cut through the relatively competent nodular limestone units, 
and some thin shale unit, with a new flat developing in the thicker shale unit of bedded 
limestone, shale and siltstones (equaling Skjerholmen Formation of Owen et al. (1990)). 
This unit is not observed being a part of the fault complex.   
In this solution, the flat is located within a reasonable lithology. This structure is inferred to 
be an early formed contractional fault, given by the low angle (approximately 30º) between 
the bedding and the interpreted fault (Fig. 4.7a). This fault-bend fold (or possible fault-
propagation fold) is therefore inferred to have formed been formed by bedding parallel NE-
SE shortening when the beds were essentially subhorizontal.  
The second interpretation is a fold related fault, namely what Morley (1994) termed a break 
thrust. The contractional fault is not dependent on a detachment surface as for the fault-bend 
fold solution, and is interpreted to originate by nucleation in one of the competent units 
synchronously with folding. These solutions give almost the same result as for the above, but 
the fault is not dependent of a detachment surface (Fig. 4.7b). This solution makes up a steep 
fault and some rotation must have occurred. This interpretation might have formed in an 
early phase of the folding phase, possible cutting an early developed fold.  
An argument for the second solution is that the fault is situated in a buckle fold (Fischer et 
al, 1992).  But, as Morley (1994) pointed out, the most common field observation in which 
indicates for a break thrust origin, is footwall deformation with a syncline of the same 
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wavelength and amplitude as for the hangingwall fold. This is not obtained from field 
observation, where the footwall has a continuous dip, with no sign of syncline development 
near the interpreted fault plane. Another argument for fault-related fold development is the 
angle interpreted from the cross-section, which more or less fit well to a subhorizontal NW-
SE shortening development of the fault. This can indicate for a fault-propagation fold or 
fault-bend fold (Fig. 4.7a) origin of this locality. 
 
Figure 4.7: Interpreted cross-section from C-C’. (a) Cross-section giving a fault-bend fold. 
(b) Break thrust solution. See text for discussion.   
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4.6.2 Heggholmen  
 
 
Figure 4.8: Lithostratigraphic map over Heggholmen.. 
 
It is a more complex situation for Heggholmen, than for the other islands of the study area. 
From field observation, Heggholmen is composed of several minor folds and thrust fronts, 
with a larger anticline-syncline par in the northern part. Skipsløpet syncline is interpreted to 
have its axial surface at the northernmost part of Heggholmen (Figs. 3.19 and 4.8).  
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Form field observation, there is an equal stratigraphy at Heggholmen, as for the rest of the 
study area, and there is no sign of strike-slip faulting nor large scale normal faults making a 
new structural style.  
One possibility for the complex situation of Heggholmen is an early developed fold train in 
the thinner competent units of nodular limestones before the thicker siltstones and sandstone 
controlled the deformation (Fig. 4.4) (as generally proposed by Ramberg, 1964). These early 
formed folds have later been rotated and faulted by the main buckling stage, and developed 
parasitic folds to Gressholmen anticline.    
During the main folding of the Heggholmen, fold related faults might have nucleated in the 
more competent nodular limestones (Morley, 1994 and field observations). These faults 
could also have been rotated by the progressive development of Gressholmen anticline. This 
makes a more complex situation for the relationship between Skipsløpet syncline and 
Gressholmen anticline than proposed in cross section A-A’ (Appendix C), even though a 
small scale syncline-anticline par could be present at the NNW limb.   
Another possibility is early formed fault-propagation folds or fault-bend folds, as proposing 
for the fault at Gressholmen.  
Whether the Heggholmen is composed of fault-bend folds/fault-propagation folds or early 
formed buckle fold train is difficult to interpret, but it seem to be a complex relationship, 
given from Fig. 3.28 and cross section D-D’ (Fig. 3.19).  
F-F’ is a simplified cross-section given in Fig. 4.9, located at the southern tip of 
Heggholmen (Fig. 4.8). This locality is composed of nodular limestone and dark shale. From 
the map and cross-section, a thin part of the stratigraphic younger nodular limestone is 
bounded by stratigraphically older black shale unit. It is not possible to solve this structure 
with folding due to the arrangement of the units. The contractional faults are not exposed at 
this locality. 
The contractional faults is interpreted to be a break thrust, where the fault is believed to have 
nucleating within the nodular limestone in response of increase stress due to folding. From 
the map, it is clear that the contractional fault is decreasing laterally, possible horizontal. 
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This is characteristics is typical for break thrusts (Morley, 1994). The deformation of the 
footwall seen at this locality suggest also for a break thrust (Morley, 1994). 
Fig. 4.9 is giving a simplified kinematic evolution of the F-F’ cross-section, and is 
interpreted to have formed synchronously to the main folding phase. A new fault is 
displayed in the footwall of the nodular limestone, given from field observations. It is 
indicated here as a top-to SSE thrust.  
 
Figure 4.9: Simplified kinematic model for cross-section F-F’. (a) Undeformed state. (b) 
Start of folding and nucleation of fault within the nodular limestone. (c) Break thrust, with 
small scale synclinal-anticlinal par in footwall. Shale has probably been dragged with the 
fault. O: Older unit, Y: younger unit. Figure not in scale.  
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4.7 Kinematic model for development of Caledonian faults and 
fold  
Based on the observation within the study area and the discussed above, the following 
kinematic model for the macroscopic and mesoscopic structures are given in Fig. 4.10. 
 
Figure 4.10: Conceptual figure of the deformation stages (D1 – D3). D1 is early formed 
contractional faults formed by bedding parallel NW-SE shortening when the beds were 
essentially subhorizontal. D2 is the active buckling stage, with related faults and later 
development of out-of-sequence faulting. D3 is development of cleavage in the xy-plane of 
the finite strain ellipse. The cleavage has later been rotated to NNW dipping cleavage by 
Caledonian contractional faults or Permian extension.    
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Deformation stage one (D1)  
Some of the earliest structures observed within the study area are triangle structures, fault-
bend folds and fault-propagation folds. These early contractional structures are inferred to 
form by bedding parallel NW-SE to NNW-SSE shortening when the beds were essentially 
subhorizontal. These early contractional faults have clearly been rotated, given by the low 
angle (approximately 30º) between bedding and faults, and maximum stress oriented vertical 
in steeply dipping beds.  
These structures have formed when the beds were oriented horizontal to subhorizontal with a 
maximum stress (σ1) oriented NNW-SSE. The intensity of the thrusting was lower than for 
the major folding phase. This implies that they were formed in the early Scandian event.   
Deformation stage two (D2)  
Deformation stage two represents active buckling given by NNW-SSE shortening. Related 
structure to active buckling phase is fold related faults, parasitic folds to Gressholmen 
anticline and out-of-sequence faulting.  
Early formed mesoscopic folds within thin competent units have later been refolded to 
developed parasitic folds to Gressholmen anticline, due to flexural slip mechanism. Flexural 
folding is proven to have been to some extent present during deformation due to bedding 
parallel faults.   
The fold controlled faults is believed to develop synchronously with the main folding, and 
developed due to space problems within the Gressholmen anticline and the mesoscopic 
folds. Some of the contractional faults have formed earlier in the main folding, and have thus 
been rotated.   
From the Fig. 3.31 it is proven that the out-of-sequence faults have are developed in later 
stages. Out of sequence thrusting is thus believed to form in late stages of the main folding, 
possible later than the folding stage. Synchronously fold related faults cut down-section are 
also observed within the study area. 
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Deformation stage three (D3)  
Deformation stage three is related to sedimentary loading during burial of the fold, and 
development of a cleavage in XY-plane in finite strain ellipse. Later, a rigid body rotation 
due to either development of new contractional fault structure underneath the Gressholmen 
anticline or due to normal faulting related to Permian extension, developed the NNW-
dipping cleavage present within the study area today.  
Deformation stage four (D4) 
Deformation stage four occurred in the late Carboniferous to Permian period, and developed 
synthetic and antithetic normal faults and intrusions in a NNW-SSE to N-S strike, with a 
vertical maximum stress (σ1). These structures post-dated the Caledonian structures.   
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5. Conclusion 
 
A lithostratigraphic map over Gressholmen, Rambergøya, Heggholmen and Bleikøya on an 
improved topographical database has been prepared from this study. 
The main deformation mechanism is in accordance with what is known from the 
Caledonides in general, with a structural grain of ENE-WSW, with NW-SE to NNW-SSE 
shortening. The study area reflects a progressive deformation with the formation of 
Gressholmen anticline.  
Four deformation stages were identified within the study area: 
 D1 – early contractional faults with flat-ramp geometry.  The σ1 was oriented NW-
SE to NNW-SSE.  
 
 D2 – Active buckling resulting in foreland directed and backthrusts due to space 
problem structures, parasitic folds and out-of-sequence thrusting. The σ1 was oriented 
NW-SE to NNW-SSE. 
 
 D3 – Cleavage development, resulting in a NNW dipping cleavage.  
  
 D4 – Permian extension and intrusions. Minimum stress, σ3, was oriented WSW-
ENE to E-W, with a vertical maximum stress, σ1, vertical.  
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